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ABSTRACT
Estimating Esterase and Monooxygenase Detoxication by Bioassay,
Electrophoresis and Metabolic Studies in Pea Aphid,
Acrythosiphon Pisum (Harris) Populations
(Homoptera:

Aphi di dae)

by
Deifalla H. Al -Rajh i, Doctor of Philosophy
Utah State University, 1gs2
Major Professor: Dr. William A. Brindley
Department: Bio l ogy
The role of esterases and monooxygenase in the detoxication
processes of field populations of pea aphids was studied in relation
to seasonal changes, developmental stage, and treatment with DEF
and piperonyl butoxide.

LCSO values for 12 hour exposure periods

in glass vials ra nged from 0.04- 2.3 micrograms / vial and 820-4871
J.J g/vial for paraoxon and carbaryl, r espectively.

Topical bioassays

showed the adults to be more tolerant to paraoxon (LDSO of 1. 4-12.3
ng/aphid) toxicity than nymphs (LDSO of 0.13-4. 7 ng/aphid).
Treatme nt with DEF® (~,~.~-tributylphosphorotrithioate) enhanced
paraoxon toxicity against the pea ap hid whereas piperonyl butoxide
had little effect on the enhancement of either paraoxon or carbaryl
toxicity.

The higher sy nergistic effect of DEF indicates a greater

dependency upon esterases in detoxifying paraoxo n.

The high LCSO
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values of carbaryl toxicity may indicate that part of the pea aphid
tolerance to carbaryl is attributable to a mechanism other than
detoxication .
The percent dependency values were 29-98% and 8- 39% for paraoxon
(esterases) and carbaryl (monooxygenases), respectively.
The amount of esterases in individual aphids was determined by
polyacrylamide, vertical, and slab gel electrophoresis.
esterase bands were resolved.

Three

Two were identified as carboxyl -

esterases which were most active in hydrolyzing both a-naphthylacetate and paraoxon. The third was classified as cholinesterase
due to its small degree of hydrolysis of a-naphthyl acetate and
because it had no effect upon paraoxon hydrolysis.

The same

electrophoretic pattern was detected in both adults and nymphs but
the adults had esterases that were more effective in hydrolyzing
the substrates.
Paraoxon metabo 1ism by the pea aphids was studied _0 vitro and
with isolated bands from electrophoresis gels.

Diethylphosphoric

acid (DEPA) was the only paraoxon metabolite detected.
the insects with DEF prevented DEPA formation.

Tr eatment of

This effect was

probably due to inhibition of the insect's esterase system.

Addition

of NADPH and reduced glutathione to aphid homogenates fai 1ed to
increase DEPA production by the insect indicating that monooxygenases
and glutathione transferases may play minor roles in paraoxon
deto xication by pea aphids.
(91 pages)

INTRODUCTION
Principles of insecticide toxicology have been amply developed.
However, more atte nti on needs to be given to the comparative
toxicology of field populations of agricultural pests .

Techniques

which can be used as practical survey methods in agriculture and
yet which provide estimates of detoxication mechanisms are required.
An especially pressing need is to have techniques that can provide
early warning and rapid analysis of the deve l opment of resistant
populations of insects.

Tests suitable for determining the

distribution and proportion of individual insects with resistance
attrib utes need to be developed .
Biological assays are recommended for the detection and
confirmation of insecticide resistance.

Biological assays can be

conducted by placing the insects i n contact with an insecticide
residue (contact bioassay ) , dipping the insects into an insecticide
solution (dip - test), or physical l y applying microdrops of insecticide
solution directly on individual insects (top i cal bioassay).

Dip-

tests and to pical bioassays, which are rather cumbersome for field
use are generally recommended for resistance surveillance.
Contact bioassays are not.

Therefore the three methods of bioassay

need to be compared to determine if it is feasible for contact
bioassays to be used with field populations .

It

is also necessary

to determine if the conclusions drawn from the different types

of bioassay are comparable and what their relationship is to one
another .
Insecticide resistance can be due to any of several factors
acting alone or in combination.

In many cases, detoxication of

insecticides by the metabolic action of enzymes is a major factor
in insecticide resistance.

Enzyme systems usually responsible

for insecticide res is tance are the monooxygenases (mixed function
oxidases, MFOs), esterases, and glutathione

~-transferases .

Biological assays can be co ndu cted with insecticides and
synergists to estimate relative detoxication roles of the various
enzyme systems.

It is necessary to test the reliability of synergism

data in making estimates of detoxifying enzymes.

If reliable

estimates of detoxication can be obtained by biological assay, it
may be possible for the pest management specialist to not only
assess his field

pop~lations

of pests or beneficial insects for

tolerance to insecticides, but also to provide consulting toxicologists with t he data necessary to understand the biochemical
basis for the tolerance or resistance .
In some cases, particularly with the soluble esterases, it has
bee n poss ible to assess enzyme types, isozymes, and quantities in
individual insects by electrophoresis.

This allows detailed

analyses of the proportion of individuals with resistance attributes
in a populatio n, tracking of migratory patterns of resistant
insects, and data needed to test recently proposed models of th e
evo l ution of insecticide resistance.

Insects for wh i ch the mechanism of resistance ca n be measured
in individuals (mechanistic tests ) need to

be identified and

tech niques practical to the field situation need to be developed.
The relationships between the results of mechanistic tests and
biologica l assays need to be identified.
This study was therefore organized to compare bioassay methods,
synergism data, and mechanistic analyses of detoxication in the
analysis of the toxicology of field populations of an insect.

The

pea aphid , Acrythosiphon pisum (Harris) was selected as the animal
to be studied.

As no known resistant popul ations were available,

aphids of different stages (adults or nymphs), different field
populations, or different seasons were compared .
At present, recommended bioassays for confirming resistance
in aphids are dip-tests .

Therefore it was of interest to compare

contact bioassays, dip-tests, and topical bioassays to determine
if bioassay survey methods more practical for field use could be
deve 1oped.

There have a1so been conflicting reports of the ro 1e

of esterase or monooxygenase detoxication in aphids and therefore
that issue required further investigation.

If the aphids were

found to have variable esterase levels, it may be possible to
develop an electrophoretic separation of their esterases as has
been accomp l ished with other insects.

That would provide a

mechanistic test allowing for detailed analysis of resistance
distribution in pea aphid populations .
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While it is widely agreed that synergism tests can indicate
types of detoxication mechani sms operating in insect popultions,
there is disagreement on the quantitative interpretation of
sy nergism results.

It was therefore of i nterest to interpret the

data of this study by calculation and man ipul atio n of synergist
difference values to determine the degree of agreement between
the conclusions obtained by that method, bioassay, and biochemical
i nvest igations of insect detoxication mechanisms.

RATIONALE

Studies like the present research may be important for several
reasons.

Theoretically, resistance mechanisms could involve all of

the many steps that are of importance in the intoxication process
t hat finally lead to the death of an animal.

There is evidence,

however, that some of these mechanisms are of far greater importance
than others.

This is especially true of an increased capacity for

detoxicatio n and an altered site of action.
Many recent studies of the metabolism of insecticides, especially
organophosphates, have shown that a combination of different
detoxication mechanisms rather than a si ngle one may be involved
and result in enhanced detoxication capacity of certain insect
species.

Oppenoorth (1971) pointed out that a corrmon metabolite can

be derived by a number of different processes; thus the dialkylphosphorothioic or phosphoric acids , which were origi na ll y
considered to be phosphatase or carboxylesterase products can be
formed by the MFOs as well as by glutathione transferases.

There-

fore, early reports based solely on the nature of products can not
be accepted as proof for a particular enzyme system, as was pointed
out by him.

In order to distinguish one enzyme system from

another with regard to the major detoxication mechanism , it is
necessary to examine, at least, the cofactor requ irements, the nature
of the products, and the response to specific inhibitors.

In the present study, synergism tests were performed on the
pea aphids to determine whether oxidative, hydrolyti c, or gluta thi one-de pendent mec hanism(s) might be involved as a detoxication
mechanism.

Piperonyl butoxide was used as an inhibitor of MFOs,

DEF as an inhibi tor of hydrolytic esterases and OEM as an inhibitor
of

glutathion e-~-transferase

systems.

In addition NAOPH, GSH, or a

combination of NADPH + GSH, have been added to aphid homogenates
in order to conclude wh i ch mechanism(s) may contribute more to the
aph id detoxication mechanism.
Identifying resistant insects, especially aphids, by bioassay
is very time-consumi ng, req ui res many insects, and results can be
ambiguous, particularly when res i sta nce is s light and populations
are heterogenous,

as commo nl y occurs in the fie ld (Needham and

Devonshire 1975).
Needham and Saw icki (1971) suggested a promi sing alternative
to bioassays for detecting resistance, name l y a biochemical assay
based on the activity of carboxylesterases i n individual aphid
homogenates that could be resolved from other ca rboxylesterases by
electrophoresis.
Brattsten and Metcalf (1970, 1973a, 1973b) have s uggested that
the use of pipero nyl buto xide which inhibi ts MFOs, could be used to
alter the LDSO of carbaryl , which is metabolized by MFOs to indicate
MFO leve l i n

insects~

vivo.

Brindley (1977) has proposed an

alternative way of vi ewing the change in the LDSO values.

If his

propos a1 is correct, synergist differences (SO) rather tha n

I'

synergi st r atios may provide hypotheses that are useful in
estimating MFO or other enzyme system .!..!! vivo .

He plotted the

synergis t differences (L050 of carba ryl - L050 of carbaryl after
piperonyl butoxide) agains t L050 for about 80 insect species.

The

po ints formed an orderly pattern relative to the equati on:
Log L050

=

1.014 log SO + 0.009

The slope of this line is nearly 1 and when MFOs are fully
im portant in detoxifying carbaryl, and when pi peronyl butoxide is
effective in in hibiting them, t he synergist difference should
approach the L050 value.
The so- called percent dependency which is the observed
SO x 100/calculated SO could be used to estimate the role of MFOs
in establishing carbaryl tolerance .

r'f the observed SO i s equal

to t he expected, a reasonable hypot heses would be that the insect
depends essential ly on MFOs for its defense against carbaryl.
Since the deve lopment of resi sta nce to insecticides appears
to be often associated wi th a general i nc reas e in th e activ i ty of
one or more enzyme system(s), the SO approach may enab le us t o
speculate as to whether insect populations in the field are going
to be tolera nt or susceptible to give n insecticides and which
detoxication mechanism is dominant; and, therefore, which class of
insecticide should be selected for pest control.

It might also help

us to understand which alternati ve compound(s ) is likely to be
successfu l, or at l eas t to obviate t he use of chemicals which will
have little or no effect.
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Bioassays could effect i vel y be co nduc ted i f t he physiol ogical
and environmental factors are standardized (Brindley 1975 ) .
Previous work, however, confirmed the effectiveness of the
insecticide bioassay and revealed population differences in
susceptibility and detoxication potential in field population of
three species of black grass bugs (Os man and Brindley 1981).
A combination of field bi oassays, biochemical detection, and
metabolic studies would be of impo rtance in detecting the dominant
detoxicatio n mecha nism, providing a mechanistic t echnique suitabl e
in revealing resistance , and co nfirming the hypothesis that f iel d
bioassay data may refl ect the level of the enzyme systems in the
insects.
The present study was organized to test these objectives in the
pea aphids using the "percent dependency" as hypothet i ca 1 approach
to and for interpretation of t he data.
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REVIEW OF LITERATURE
Insect esterases have been largely studied because of their
dual importance as targets for inhibition and as degraders of organophosphorus compounds.

These enzymes constitute a large group with

overlapping substrate specificity which occurs in multipl e forms
in both mamma ls and insects (Dauterman 1976 ) .

Their role in the

metabolism of organophosphorus insecticides has been studied in
different species but there is a lack of detailed knowledge about
the precise role of the different types of esterases i n the hydrolysis
of organophosphorus insecticides.
The pea aphid, Acrythos i phon pisum (Harris), which was selected
as the animal to be studied, is often a serious pest to legumes
(particularly peas and alfalfa) throughout the United States.

It

also transmits the viruses causing pea enation, mosaic, bean yellow
mosaic, and alfalfa mosaic to peas.

In the United States, i nfesta-

tions of pea aphid are responsib l e for losses in alfalfa production
of about $60 million a year.

In Kansas the pea aphid has been

of the most destructive alfalfa insects since the crop was in troduced
into the state in 1877 (Harvey et al. 1971).
every alfalfa field i n Utah.

It is also found in

Inj ury varies f rom stunting and

yellowing of plants to death of the entire top growth (Davis 1976;
McDo nal d and Ha pper 1978).

10
Literature describing esterase cha racteri stics, along with
ot her literature references for this study, will be discussed in the
following section.
Resistance
Oppenoorth (1965) has defined resistance as the abi li ty of
a strain of insects to tolerate doses of a toxicant which could prove
l ethal to the majority of individuals in a normal population of the
same species.

On the other hand, resista nce can be referred to as

eva 1uti a nary changes in the response of a certain i nsect species as
demonstrated by a reduction in the effectiveness of one or more
insecticides (Georghiou 1972).

It has been suggested that resistance

ca n be inherited or acquired (P lapp 1976; Oppenoorth et al. 1977).
Since the r esistance in many instances has been found to be at least
pa rtiall y due to high carboxylesterase activity, discussion wil l
emphasize t he contributi on of es terases to the i nsect' s resistance.
Several genetic studies have shown that carboxyles terase
activ i t y can be control l ed by a single gene.

The gene for high

aliesterase activity and res istance to organophosphorus compounds
•11as proved to be on chromosome II with two alleles in the house fly
(Wang and Plapp 1980) and also of importance in the southern house
mosquito (Georghiou et al. 1980).

Devonshire and Sawicki (1979)

demonstrated that the aphid, Myz us persicae, i s able to replicate
the gene E-4 without subsequent mutation which is responsible for
conferring r esistance to organophosphorus insecticides in th i s
i nsect species.
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Combined bi ochemi ca 1 and genetic stud i es (Motoyama et a1. 1977;
Oppenoorth et a1. 1977; Plapp and Tripathi 1978) indicated that
resista nce involving high levels of oxidase, high levels of
gluthione transferases, high levels of esterases, and altered
acetylcholinesterases are also controlled by genes of house flies
on Chromosome I I .
The involvement of carboxylesterases in insect resistance has
been studied extensively, particularly in case of resistance to
rna 1at hi on.

The enzymes have been well rev iewed and their ro 1e i n

insecticide resistance has been well established.
The relationship between organophosphorus resist ance and
carboxylesterases has been reported many times from two opposite
types of observation:

resistance associated with low carboxyl-

esterase activity and resistance associated with high carboxyl esterase activity.

The former phenomenon resulted into the generation

of a muta nt theory (Oppenoorth and van Asperen 1960).

This

theory was reviewed and surrmarized by Va n Aspe ren in 1964.

It

proposes that the mutation of the gene "a" which is responsible for
high carboxylesterase activity in wild - type house fly populations
to a detoxication enzyme, a phosphatase, and suggests that an increase
in the ability to detoxify organophosphorus compou nds is resonsible
for the resistance.
Since the mutant theory does not explain the relationship
between low esterase levels with organophosphorus resis tance and high
degrad ative activity in certain house fly strains, Georghiou (1965)
concluded that the theory does not cover all cas es.

Vario us strains
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of house flies have been found with low esterase activity but orga nophospho rus sus cepti bi 1i ty, high esterase and organophosphorus
resistances or cases which show no correlatio n between esterase
activity and organophosphorus resistance.

A simila r negative

correlation was also reported in the blow fly in which the resistant
strain showed higher activity against the malathion carboxylesterase
but lower activity against the methylpropionate hydrolyzing esterase
(Townsend and Bus vine 1969).

It is clear that increased phosphatase

activity alone does not explain all the mechanisms of resistance in
the house fly.

Resistant house fly strains, which have low

carboxylesterase activity, also possess higher activities in the
monooxygenase (M FO) and/or glutathione transferases (Lewis and Sawicki
1971; Oppenoorth et al. 1972; Pimprikar and Georghiou 1979).
There are, however, a number of reports which demonstrate a
correlation between high carboxylesterase activity and organophosphorus resistance.

Motoyama et al . (1971) indicated that an

organophosphorus resistant strain of a predacious mite showed
higher activity for a-naphthyl acetate hydrolysis than the susceptible
strain.

Electrophoresis revealed the presence of two extra carboxyl -

esterase bands in the resistant strain.

Similar phenomena have been

reported with parathion resistant houseflies, Musca domestica, for
paraoxon resistance (Welling et al. 1971 ) , and the mosquitoes,
Culex~

fatigans,

Culex~~,

and Culex tarsalis,

fo r general organophosphorus resistance (Georg hiou and Pasteur 1978).
Georghiou et al. (1980) demonstrated that a highly active
carboxylesterase was found to be associated with resistance to
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temphos, chlorpyrifos, parthion, methyl parathion, malathion, and
fenthi on in the southern house mosquito from Ca lifornia.

A high

carboxyl esterase activity has been shown to be associ ated with the
resistance mechanism in two strains of the lesser grain borer,
Rhyzopertha dominica (Matthews 1980).

Higher pyrethroid detoxication

ability has been attributed to higher carboxylesterase in the
highly-sensitive cabbage lopper larvae, Trichoplusia ni Hubner, the
moderately-sensi tive milkweed bug, Oncopeltus fasciatus (Da llas )
(Ishaaya and Casida 1980 ) , and larvae of the common green lacewing,
Chrysopa carnea Stephens (Ishaaya and Casida 1981 ) .

Resistance

in the bo ll worm, Heliothis zea (Boddie) and tobacco worm, _ii.
virescens (Fabricius) has been found to be due to both carboxy lesterase
and MFO act ivities (Sparks 1981).

Those latter two species, emerged

as two of agriculture's most serious pests whereas they had been of
minor importance earl i er.
Devel opment of resistance to insecticides particularl y
orga nophosphorus and carbamates in the green-peach aphid, Myzus
persicae (S'ul z.), i s a serious threat to agriculture since th is
species is considered one of the most important vectors of virus
pathogens.

Several studies have investigated the mechanism of

resistance in this apid.

Most, if not all those studies have

fo und that resistance to organophosphorus insecticides in the
green-peach

aphid was associated with an increase in total

ca rbo xy lesterase leve ls (Beranek 1974; Needham and Devonshire 197 5;
Oppenoorth and Voerma n 1975; Baker 1977; Beranek and Oppenoorth
1977; Devonshire 1977; Devonshire et al. 1977; Sawicki et al . 1978;
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Devonshire and Sawicki 1979).

Electrophoresis of several resistant

populations showed that this increase resided in a single
carboxylesterase enzyme (Carboxylesterase 2) .

Carboxylesterase 2 is

the same enzyme that hydrolyzes organophosphorus compounds and
accounts for the resistance in the green peach aphid.
The data reviewed here would indicate that carboxylesterase
are definitely involved in the mechanisms of resistance in various
insect species.

They also revealed that the carboxyl ester as es appear

to be identical to phosphatases which have previously been reported
to have characteristically increased activity in organophosphorus
resistant insect species.
Evolution of resistance to pesticides, resistance to different
insecticides, cross-resistance, and causes of resistance have been
reviewed by Oppenoorth and Welling (1976) and Plapp (1976).

They

indicated that both nonoxidative and oxidative metabolic resistance
genes are related to a variety of changes in the total enzyme
systems of resistant species.
Resistance could be due to many factors other

than esterases

such as MFOs, which play extremely important roles in metabolism of
many insecticides in various species of insect and mammals, alteration of AChE, low penetration, reduced sensitivity to the target
site, polyphenoloxidase which is usually associated with other
insect tissues, inert storage of insecticide or its metabolities
in fatty tissues, and behavioral resistance which in general has not
been considered as important as purely physiological resistance
(Georghiou 1972).
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Classification of Esterases
A commonly used scheme for the classification of esterases is
based on their behavior towards certain inhibitors, especially
organophosphates.

These enzymes have been class i fied by Aldridge

( 1953) into two groups:

A-es terases which are resistant to

organophosphates and degrade them as substrates, and B-esterases
which are susceptible to organo phos phate inhibition.

Aldridge and

Reiner (1972) also classified esterases into two groups:

the

A-es terases which are not inhib ited by 10- 3M paraoxon and the
7
B- esterases which are inhibited by 10- M or lower concentration of
paraoxo n.

Accardi ng to Holmes and Masters (1967), esterases can

be divided into four main types:

carboxylesterases, which are

i nhi bi ted by organophosphorus compounds but not by eserine,
aryl esterases, which are not i nhi bi ted by organophosphorus compounds,
acetylesterases which are not inhibited by eserine or organo phosphorus compounds, and cho l i nesterases which are i nhi bi ted by
eserine and organphosphorus compounds.
With respect to phosphotriesterases, literature data about the
substrate specificity and activation by cations are confused.
groups were roughly defined:

Two

Group I corresponds to the

phosphotriester hydrolases activated by Ca++, which are specific
for the hydrolysis of phosphates, and Group II corresponds to those
activated by Co++ and Mn++, which have hydrolytic activity on
phosphates and phosp horot hi onates (Dauterman 1976).
Carboxylesterases and phosphatases are the two importa nt types
in metabolizing insecticidal chemicals.
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Carboxylesterases
Carboxylesterases, B-esterases, or aliesterases are widely
distributed in the soluble fractions of different organs or tissues
and play an important role in detoxication mechanisms of animals.
In vertebrates, activity in the liver is much more pronounced than
in other organs such as lung, digestive tract, and kidney
(Dauterman 197 6; Hinderer and Menzer 1976).

Despite the fact that

there is no such analogous single organ in all insects, carboxylesterase activity has been shown to be higher in mi dguts of many
insect species.

The abdomen has been found to be the richer part of

the body in esteratic activity in Triatoma infestans (Casabe and
Zebra 1981).

Turunen and Chippendale {1977) indicated that the

highest titer of most esterases was present in the midgut of
lepidopteran larvae.

On the other hand, Ishaaya and Casida (1980)

demonstrated that different parts of the cabbage looper larvae
have different hydrolytic activity toward pyrethroid isomers.

The

integument carboxyl esterase is 1ess active than the gut carboxylesterase in hydrolyzing the premethrin isomers, but they were
similar in activity on the cypermethrin isomers.

The highest

activities in the southern armyworm were found in cuticle, gut,
and fat bodies for trans-pyrethroids and in cuticle and gut for
~-pyrethroids

(Abdel-All and Soderlund 1980). They also concluded

that pyrethroi d carboxyl esterases are widely distributed in insect
t i ssues.
Carboxylesterases hydrolyze certain organophosphorus insectici des at the carboxylester l inkage, resulting in the formation of
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the cor responding non-taxi c acid.

The enzyme has been studied

extensively and has been accepted as the most important factor
accounting for the selective toxicity of malathion between mammals
and insects and between insect species and insect strains (Matsumura
1975)

0

The type of reaction involved in malathion hydrolysis by
carboxylesterases is shown in Figure 1.

The reaction involves

cl eavage of the carboxylester group to form a water-soluble non- toxic
malathion monoacid.

Paraoxon, tho ugh it lacks a carboxyester, has been

shown to be hydrolyzed by insect carboxylesterases at the aryl phosphate bond resulting in the formation of diethylphosphoric acid
(Oppenoorth and Voerma n 1975; Beranek and Oppenoorth 1977; Devonshire
1977; Casabe and Zerba 1981).

The same reaction has been shown to

occur in resistant and susceptible ho use flies by the act ion of
phosphatases as detected by
(Welling et a 1. 1971).

Fig. 1.

the~

vivo degradation of paraoxon

In addition, both desalkylation and

Malathion hydrolysis by carboxylesterase (Motoyama
and Dauterman 1974).
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desarylation have been shown to occur at f.-Q-alkyl and f.-Q-aryl
bonds of both phosphates and phosphorothionates in mammals and
insects (Hollingworth et al. 1967).

Pyrethroids have recently been

found to be mainly hydrolyzed by carboxyl esterases.

House fly

homogenates were found to have a greater hydrolytic action against
deltamethrin and cypermethrin (Ruzo et al. 1981).
Aliesterases are among the most, if not the most, polymorphic
proteins in insects.

Their activities may be enhanced tremendously

by selection pressures (Pasteur and Sinegre 1975).
Insect sex as well as seasonal changes seem to play a quite
important role in the variations of esterase activities which
usually correlate quite well with the levels of carboxylesterases.
Curry (1977) found djfferent levels of esterase activity in males
than in females of the African migratory locust.

He al so found

seasonal changes in activity in the seven types of esterases
detected in the same insect species.

Different activities, and

esterase patterns between developmental stages of the same strains
and adults of different resistant and susceptible strains of house
flies were found by acrylamide gel electrophoresis (Collins and
Forgash 1968).
An increase in the total protein occurred during development of
pea aphids which may include the carboxylesterase also (Srivastava
et a1. 1980).

They found that protein increased as the pea aphids

grew and remained constant when the insects reached maturity.

Few

investigators have shown that the hydrolytic system can relatively
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be induced by chronic exposures of some insect species to certain
organophosphorus insecticides and juvenile hormone analogs.

Gilbert

(1972) demonstrated that the carboxylesterase level has been induced
by treatment of saturniid pupae with juvenile hormone.

The level

and the activity of serum carboxylesterase increased in tobacco
hornworms fed 1 ppm monocrotophos-containing diet, but not by
methomyl and endosulfan treatments (Wongkobrat and Dahlman 1976).
Carboxylesterases or B-esterases are susceptible to inhibition
by a number of phosphates such as the phosphate analogues of
parathion, EPN, diazinon, Chlorthion, and azinphosmethyl as well as
Systox and Phosdrin (Dauterman 1976).

In all cases, the phosphate

analogues were vastly better inhibitors of the carboxylesterase than
the parent phosphorothionates.

Plapp and Tong (1966) have evaluated

a large number of organophosphorus compounds for their synergistic
effects in severa 1 strains of house flies and Culex mosquitoes.

They

concluded that triphenyl phosphate, tributylphosphorothioate and its
oxygen analogue, and

~.~.~-tri

the most effective inhibitors.

butyl phos phorothi oate (DEF) are among
A number of noninsecticidal carbamates

have also been shown to be excellent synergists for malathion against
resistant insects (Plapp and Valega 1967).

Ishaaya and Casida (1980)

have found that profenofos has a greater synergistic effect than DEF
upon pyrethroid insecticides.

More recent studies have shown that

DEF is an excellent inhibitor of esterases that results in great
enhancement of the toxicity of several organophosphorus and pyrethroid
insecticides against many insect species.
Ranasingle and Georghiou (1979) indicated that DEF was a strong,
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suppressible inhibitor of

Culex~

fatiqans esterases.

The

pyrethroi d to xi city in severa 1 insect species and mamma 1s has
been found to be greatly enhanced by OEF (Gaughan et al. 1980).
Georghiou et al. ( 1980) demonstrated that the detoxication mechanism
in the southern house mosquito, Culex guinguefasciatus, by carboxyl esterase was almost completely inhibited by DEF.
Despite the vast majority of studies pointing out the
effectiveness of OEF as a specific esterase inhibitor, Pimprikar
and Georghiou (1979) found a limited synergism by DEF for diflubenzuron against the house· fly,

~1usca

domesti ca (L.).

They concluded

that esterases play a relatively small role in house fly resistance
to difl ubenzuron.

The preferenti a1 inhibitory action of DEF for

carboxylesterase rather than acetylcholinesterase seems most likely
because carboxylesterases, by their higher affinity for organo phosphates may serve to protect acetylcholinesterase from inhibition
(Chambers 197 6).
Organophosphorus Insecticides
Organophosphorus chemicals, and particularly the organophosphate esters, have an impact upon every aspect of modern life;
research and development have resulted in their use as agricultural
pesticides and jndustrial chemicals.
Some of the properties that have attracted investigators to
develop organophosphate esters as pesticides are their relatively
high acute toxicity, the limited residual life of the molecule,
and relatively low cost of manufacture (Matsumura 1975).

Because
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of insect resistance problems to chlorinated insecticides and
environmental concerns raised against the use of persistent
chlorinated hydrocarbons, the organophosphate esters have been
evaluated as effective, inexpensive, and safe substitutes for many
chlorinated hydrocarbons.
It is well established that the toxic mode of action of
organophosphorus insecticides involves the inhibition of acetylcholinesterase with a subsequent impairment of normal nervous
function.

The inhibition process involves the phosphorylati on of

the enzyme which results in increased levels of acetylcholine at
the nerve synapses, causing continual stimulation of the nerve fibers
and eventual failure of nerves to repolarize (Davies and Holub 1978;
Fleming and Grue 1981).
Paraoxon Toxicity and Metabolism
Paraoxon (Q.,Q.-di ethyl Q.-2.-ni trophenyl phosphate) is not a
registered insecticide.

It is one of the most important metabolites

of parathion, a widely used insecticide.

It is generally accepted

that parathion exerts its toxic effect through conversion to
paraoxon by MFO enzymes, which in turn, become a potent anticholinesterase with a PI 50 in range of 9-12 (Matsumura 1975) .
The acute Lo 50 of paraoxon in mice was found to be 1.3 mg/kg
body weight (Ramakrishna and Ramachandran 1978) .

Like any other

organophosphate insecticide, paraoxon acts by a severe inhibition
of acetylcholinesterase.
The toxic effects exerted by paraoxon in mammals have been
well studied by many investigators.

Paraoxon, an organophosphorus
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inhibitor of AChE, produces muscle lesions and altered neuromuscular physiology when given to

rats~

vivo (Laskowski and

Dettbarn 1975; Wecker and Dettbarn 1976; Laskowski et al. 1977).
Laskowski and Dettbarn (1979) also demonstrated that as a result of
AChE inhibition, paraoxon also induces muscle depolarization in rats
by initiating a sustained end-plate depolarization.

Presynaptic

effects are seen as an increase in the frequ ency of miniature endplate and as repetitive nerve and muscle action potentials in
response to nerve stimulation.

In a more recent study, the electro-

retinographic investigation on the ocular effects of paraoxon during
acute intoxication of the white mouse have been reported by
Carricaburu et al. (1980) to act on the photoreceptors, cause
synaptolytic effect, and possible damage of the dipolar neurons.
Its influence on the electrical ocular response was identical with
parathion and methyl parathion except paraoxon does not have immediate
action on the white mouse.
The cleavage of insecticidal organophosphorus - triesters yields
relatively innocuous diesters and this is the primary mechanism by
which such compounds are detoxified in living organisms.

I ni ti a l

investigators concentrated on enzymatic cleavage at the £.-Q- aryl
bond which is broken in the reaction of the organophosphate with
esterases.

However, it has become clear that cleavage of alkyl

groups may make a significant contribution to detoxication in microorga nisms, plants, insects, and mammals (Yang 1976).

In some

instances Q- deakylation, yielding nontoxic desalkyl compounds, may
become the predominant detoxication mechanism (Bull and Lindquist
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1964; Hollingwo rth et al. 1967) .

The removal of a si ngle alkyl

gro up from the triester leads to a dramatic fall in anticholinesterase activity and thus in toxicity (Holl ingworth et al .
1969).
Severa 1 mechanisms of Q-dea 1kyl ati on of organophosphates have
been proposed.

Fukami and Shishido {1966) showed that glutathione

(GSH) stimulat ed the dealkylation of dimethyl phosphorothionates by
supernatants of rat liver and insect tissues.

It has been shown

subsequently with several organophosphates that the products of this
enzyme system are

~-methyl

glutathione and monomethyl derivatives

of the organophosphate (Hutson et al . 1968; Hollingworth et al. 1969) .
The monomethyl product may be degraded further, particularly by the
liver supernatant fraction (Hodgson and Casida 1962) .
Oxidative Q-dealkylation of a diethyl phosphate triester,
chlorfenv inp hos and a dimethyl analogue by hepatic microsomal
oxidase of several mammalian species have been reported by Denninger
et al. {1966) and Hutson et al. (1968) .

Furthermore, Q-dealkylation

can be ca rried out by a hydrolytic mechanism to yield alcohol
(Matsumura 1975).
As is true with Q-dealkylation, Q- dearylation of various
organophosphorus insecticides has been shown to be a mechanism of
detoxication by MFOs, esterases, and glutathione
(Yang 1976).

~-transferases

Paraoxon, as : an example, has been acknowledged to be

metabolized through esterases, MFOs, and glutathione

~-transferases

in severa 1 species of mamma 1s and i ns ects .
The possible routes of detoxication of paraoxon are show n in
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Figure 2.

It is th us clear that paraoxon ca n be metabolized by

MFO, esterase, and glutathione

~- trans fer as e

enzymes in both

mammals (Denninger et al. 1966; Kojima and O'Brie n 1968; Hollingworth
et al. 1969; Iverson 1976; Ramakrishna and Ramachandran 1978) and
insects (F ukami and Shishido 1966; Lewis and Sawicki 1971; Welling
et al. 1971;

Devonshire and Sawicki 1979; Casabe and Zerba 1981;

Sparks 1981).
The role of esterases in paraoxon degradation is believed to be
an important detoxicatio n mechan is m.

Since paraoxon is a phosphate

with strong inhibitory action on ACh E, it is expected to have high
affinities for other esterases , such as carboxy lesterase, making
th i s substrate available for esterases.
hydrolytic attack is at the

The general route of

~-.Q.-nitrophenyl

bond and

~-.Q.-ethyl

bond,

liberating diethylphosphoric acid and desmethyl paraoxon,
respectively (Main 1956; Nolan and O'Brien 1970).

Carboxylesterase

hydrolysis has been shown to be the major detoxicatio n mechanism of
paraoxon in ho use flies (Welling et al. 1971) , peach aph id
(Oppenoorth and Vor eman 1975; Beranek and Oppenoorth 1977; Devonshire
1977) and in Triatoma infestans (Casabe and Zerba 1981) which
resulted in t he formation of the hydrolytic prod uct, diethylphosphoric
acid.
In all cases , carboxylesterase was one of the more important
classes of detoxication enzymes and it showed a consi de rable
variatio n i n the rate s of metabolism with respect to resistance, age,
sex, stage of developme nt, and species for organophos phorus
insecticides in general and paraoxon, speci ficc.lly .

However, no
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Fig. 2.

MFO, oxidative
Esterases, so 1ub 1e
fraction
GSH S- alkyl and aryltransferases

Various possible route s of paraoxon metabolism .
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paraoxo n toxicity or metabolic data have been pub lis hed about pea
aphids, the insects of concern in this study.
Carbaryl Toxicity and Metabolism
Carbaryl (1-naphthyl

~-methylcarbamate)

as one of the carbamate

insectici des, acts by inhibition of acetylcholinesterase.

The

inhibition mechanism is similar to th at of organophosphorus
insecticides except the inhibition i s rev ersible in the case of
car bamates.

It has a lower marrmalian toxicity than most of orga no-

phosphorus compounds and has a relatively broad spectrum of
effectiveness (Matsumura 1975).

Carbaryl has been found to have

widely varied toxicities against many insect species (Brattsten
and Metcalf 1970, l973a, 1973b).

In contrast, it has not been

effective against some insect species incl uding the house fly,
Musca domesti ca (L. ) (Georghiou et al. 1961).
Severa l investigators have extensively studied the metabolism
of carbaryl in both mamma ls and insects .

The vast majority of t hose

studies indicated that carbaryl may be meta bo lized via hydroxylation
(K uhr 1970, 1971; Guirguis and Brindley 1975; Nakatsugawa and
Morelli 1976; Osman and Brindley 1981), hydrolysis (Casida 1963;
Hurst and Dorough 1978), or conjugation (Smith 1962; Georghiou
1972; Devonshire 1973).
Carbaryl, along with ot he r carbamates, shows general susceptibi lity to MFO detoxication and, thus i nhibi tio n of MFOs by t he
syndergist piperonyl buto xide , should al ter the LD50 va lues.

27

Estimation of Enzyme

A ctivities~~

The synergist difference (SD ) (LD50 of carbaryl-LD50 of carbaryl
after piperonyl butoxide) is particularly suited to estimating the
contribution of the monooxygenase system to the insect's tolerance
to carbaryl (Brindley 1977).

The calculated percent dependency which

is the [ (observed SO / calculated SO ) X 100] could be used to estimate
t he role of MFO in establishing carbaryl tolerance.

Other studies

have refl ected the effectiveness of synergist differences and percent
dependency concepts in revealing the potential variations in
population susceptibility and

dependence upon MFOs for carbaryl

deto xication in grass bugs (Osman and Brindley 1981) and leafcutting
bees (Lee and Brindley 1974).
Paraoxon-DEF synergistic data as well as carbaryl-piperonyl
buto xide synergistic data should be usable to calculate the synergist
di f ference expected by the use of t he following equation:
Log LC50

=

1. 014 log SO

+

0. 009

If the observed synergist difference is equal to the expected value,
a reasonable hypotheses would be that the insect depends principally
upon MFOs or esterases, respectively.

The rel ati onshi p between the

expected and observed synergist difference might be expressed as a
"percent dependency" on MFOs or esterases for carbaryl or paraoxon
t ol erance.
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MATERIALS AND METHODS
Chemica 1s
Q-Q:di ethyl-Q-E_-ni trophenyl phosphate (paraoxon ) , ana lyti ca 1
grade, 95 % and 2_,2_,2_-tributylphosphorotrithioate (D EF) ®, analytica l
grade (99%) , were purchased from Chem-service, Inc., West Chester,
Pennsylvani a.

The 14_f_-ethy l labeled paraoxon with a specific

activity of 2.22 mci / mmol, and monoethyl paraoxon were donated by
Dr . T. Nakatsugawa, State College of Forestry, SUNY, Syracuse, New
York.

The 1-naphthyl-i!_-methylcarbamate (carbaryl) (analytical

grade, 99.9%) was supplied by the Union Carbide Corporation, Olefins
Division, New York.

The synergist, piperonyl butoxide

{a-[2 - (2 - but oxyethoxy)ethoxy] -4, 5-methylened i oxy - 2- propyltoluene },
was purchased from K & K Laboratories, In c., Plainview, New York.
Diethy l phosphoric acid (D EPA ) and phosphoric acid (PA) were bought
from the Eastman Kodak Company.

The reduced nicotinamide adenine

dinucleotide phosphate (NADP H ), reduced gluta-t hione (GSH), eserine
2
carbamate salt, and i!_-methylindoxy acetate were purchased from Sigma
Chemica 1 Company, St. Louis, Missouri .
The Acrylamide , I!_, !!'-methylene bisacrylamide (Bis ) , ammonium
persulphate, and I!_, I!_, I!_', i!_ '-tetramethyl ethyl enediamine (TMED ) were
purchased from Eastman Kodak Company, Rochester , New York.

Fast

red TR salt and a- naphthylacetate were obt ained from t he Ald rich
Chemical Company, I nc., Milwaukee, Wisconsin .
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The scintillatio n mixtures (scintillation grade) used were:
2, 5-diphenyloxazole (PPO), 1, 4-bis-2-(5-phenyloxazolyl)-benzene
(POPOP).

These were purchased from the Packard Instrument Company,

Inc., Downers Grove, Illinois.

Toluene was purchased from J. T.

Baker Chemical Company, Phillipsburg, New Jersey.
The iodine was obtained from Specialty Chemicals Division,
New Jersey, while the silica gel G was purchas ed from E. Merck,
Darmstadt, Germany.
Bioassay Procedures and Equipment
Chemicals and insects were introduced into the bioassay vi a l s
by the method described by Brindley (1975) and Osman and Brindley
(1981).

The glass vials used were 5-dr capacity (27 x 55 mm) with

plastic caps.

A hole was drilled in the center of both the internal

and external layer of each plastic vial cap and the hole was covered
with plastic screen.

The bottom of each vial was labe led for

individ ua l recognition when arranged in holding boxes.
Paraoxon, carbaryl, DEF, and piperonyl butoxide (PB) were
dissolved in acetone and diluted to make several concentrations of
paraoxon and carbaryl and 1

~g

DEF/vial and 100

~g

PB/vial.

of 0.5 ml of each concentration was transferred to each vial.

A volume
The

solutions containing the insecticides or the synergists were then
allowed to evaporate by placing each vial sideways on a breadboard
rolling the vials as evaporation occ urred .

This action permitted

the solution inside the vials to leave a resid ue evenly distributed
on the

in ner walls of the vials.

Each bioassay included at least
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4 different concentrations of insecticide and each concentration was
replicated 4 times.
The insects used in this study were from several alfalfa fields
near North Logan, Utah.

These insects were collected with nets

during two consecutive years (1980 and 1981) and on two consecutive
seasons each year (spring and summer).
between 10:00 a.m. and 2:00p.m.

Most collections were made

The insects used in the electro-

phoretic and metabolic studies were reared in the greenhouse from
populatio ns that came from the field which proved to have aphids most
tolerant to insecticides.
1981.

They were collected during the summer of

The insects were pretreated with synergists by placing them

in vials containing
respectively.

~g

or 100

~g

residues of DEF and PB,

The insects were divided into two groups.

The first

group of insects was transferred after 1/2 or 2 hr (determined by
previous preliminary experiments) into vials contai ning several
concentrations of carbaryl or paraoxon, respectively.

The second

group was treated with carbaryl or paraoxon by placing them in vials
that contained concentrations of carbaryl or

~araoxon

Five insects were used in each treated vial.

only.

After the insects

were placed in the vials and recapped, each was placed in a slot of
the twenty or nine vi a l capacity boxes .
used as controls.

incubator ( Brindley et a l. 1982).
at 20

±

0.5°C.

Five vi a l s in each box were

The boxes were placed in a portable field
The bioassay temperature was held

Several precautions were taken to insure that

insects were alive and healthy during the 12 hr time interval of
each experiment.
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Dip-Test and Topical Application Procedures
The dip - test procedure followed was essentially that as described
by Sawicki et al. (1978).

Dip-cages were made by cutting a 4 em

diameter glass tube into several 9x4 cylinders.

A fine mesh

terylene gauze was stretched taut and secured with a rubber band
on the two ends of each cylinder.
in each of ten cages.
prepared in acetone.
one gauze covered end .

Ten apterous aphids were placed

Five paraoxon or carbaryl concentrations were
Just before dipping, the aphids were moved to
The dip - cages were then pl aced in a shallow

Petri dish containing the 10 ml portions of insecticide
solutions.

The aphids were immersed in the solutions for 10

seconds and the di p cages then removed from the dipp i ng dishes.

The

bottom gauzes were dri ed several times on a pad of tissue paper.

The

cages were then inverted and the insects were gently knocked onto the
clean ga uze on the other ends.

The wet ga uze and the rubber bands

were replaced with clean ones.

Two cages were treated with acetone

on 1y and used as contra 1.
Another group of insects was pretreated with PB and DEF by
p1acing them in vi a1s co ntaining the synergist residue for 1/2 and
hr respectively.

These insects were then treated in the same manner

and with the same insecticide solutions used for insect treatment
with paraoxon and carbaryl alone.

The data from each treatment were

recorded after 12 hr.
Insects used in the topical application experiments were from
the gree nhouse .

Two developmental stages, nymphs and adults were
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used.

These insects were treated topically on the thoracic tergites

with a motor-driven microapplicator bearing a Hamilton 520-ul
syringe (Hamilton Co., Inc., Whittier, California).

Groups of five

insects of both nymphs and adults were treated with five doses of
paraoxon alone or paraoxon after treatment with
2 hr.

1 ug DEF/vial for

The mortality was recorded 12 hr after treatment.

Death in

all cases was considered as the total lack of insect movement.

LCSO

values from the experiments were calculated as micrograms per vial.
The results were plotted as percentage mortal ity relative to t he
logarithms of insecticide dose or concentration.

Synergist

differences and percent dependencies were also calculated and plotted
against the LC50 or LD50 values.

Preliminary linear regressions were

calculated to guide solution preparations.

The final bioassay data

were calculated from concentration-marta 1i ty curves by 1i near
reg ression analysis.
Electrophoretic Method
Raymond's (1964) buffer system was used in both upper and lower
electrophoresis chambers.

It consisted of 6.0 gm of Tris

(hydroxymethyl) aminomethane + 2. 0 gm of boric acid+ 1.0 gm of
ethylenediaminetetracetic acid (EDTA) made up to 1t.
0.1 M tris-borate buffer with a pH of 8.5.

This gave

For each electrophoretic

r un, 500 ml and 3.5 liters of buffer were needed for the upper and
lower chambers, respectively.
The acrylamide monomers were dissolved in Raymond's buffer to
give 7.5% total polyacrylamide gel (mixt ure of 7.12 gm acrylamide
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and 0.38 gm _!i, _!i'-methylene bis-acrylamide).

Polymerization of the

monomers was achieved by addition of ammonium persulfate to 0.16%
and tetramethylethylene diamine (TM ED ) to 0.13%.

Immediately after

addition of the catalysts, the solution was pipetted onto a 18 x 16
em electrophoresis glass sandwiches up to about 4 em from the upper
end.

By insertion of a suitable comb, ten identical sample slots were

made in the upper edge of the gel.

The ge 1s were t hen 1eft for 1/ 2

to 2 hr at room temperature to allow po lymerizati on of the gels to
take place.

Prior to the insertion of the samples, wells were

cleaned by water and filled with Raymond's buffer.
Ind ividual nymphs or apterous adult aphids were weighed and
homogenized by hand in 20

~1

buffer containing sucrose (10% W/V: to

increase the density of the homogenate) and Triton X-100 (0.5% W/V
to dissolve the esterase).

Ten

~1

into the sample wells in the gel.

of each homogenate were syringed
A mo del EC-600 (Hoffer Scientific

Instruments) vertical polyacrylamide s lab ge l electrophoresis unit
was used and the electrophoresis was carried out at 220 V for 6 hr
on 7.5% gels at room temperature.

The gel s were preincubated at 5°C

in 100 ml of a solution of 0.5 M boric acid for 2 hr to lower the pH
of the gel to approximately 6.5.

The gels were then stained by

incubation for 4 hr at room temperature in 100 ml of 0.1 M phosphate
buffer pH 6.5 containing 20 mg a-naphthylacetate and 50 mg fast red
TR salt (Baker 1977).

The activity of each esterase was visually

ascertained and determined re 1ati ve to aphid age and weight.

Excess

dye was removed by washing the gel in severa l 100 ml portions of 10%
acetic acid.
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Esterases Identification
Esterases were classified by adding specific inhibitors 1/2 hr
before adding the substrate-dye coupler mixture.
buffer solution alone served as controls.

Gels incubated in

Carboxylesterases

(aliesterases) were identified by insensitivity to 10- 6 M solution
of eserine and their inhibition by 10- 6 M paraoxon and 10-S M DEF
(Stegwee 1959; Arurkar and Knowles 1967; Sudderuddin 1973; Beranek
1974).

Esterases inhibited by all the previous solutions were

called choli nesterases (Augusti nsson 1958; Arurkar 1968; Sudderuddi n
1973; Beranek 1974).

Bands unaffected by the previous inhibitors

were considered to be arylesterases (Sudderuddin 1973; Beranek 1974).
Cholinesterases were also detected by their response to
!!-methyl i ndoxy acetate ( NMIA) by incubation of the qe 1s for 10 hr
in 0.5 gm NMIA dissolved in 50 ml distilled water (Guilbault et al.
1970).

The colorless substrate was enzymatically hydrolyzed and

converted to a greenish material easily recognized by its intense
color.

In the presence of oxygen, the enzymatically hydrolyzed

materia 1 (i!_-methyl i ndoxy) dimerized automatically and the fi na 1
product was a highly insoluble greenish

orecipitate.

Esterases Assay
Homogenization of individual aphids, insertion of samples, and
electrophoretic procedures were the same as described under electrophoretic method.

One gel was stained for esterase activity while

the other was aligned against the stained gel and 30 slices of about
1.2 mm thick were cut containing the different esterases.
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Each slice, as well as individual aphids, were homogenized in
2 ml 0.1 M phosphate buffer, pH 7.0, by using a glass homogenizer
with a Teflon pestle.

Suitable blanks were made using phosphate

buffer instead of whole aphid material and polyacrylamide gel alone
for enzyme- gel slices.

Portions of 1 ml of each of the homogenates

were incubated at 25°C with 25
in 1 ml phosphate buffer.

~oles

£ - naphthylacetate dissolved

The mixtures were shaken in open glass

tubes in a water bath at 25 ° C.

After

hr of incubation, 0. 5 ml of

fast red TR salt solution (0.3%) were added to each incubate and the
absorbtion at 605 nM of the resulting complexes was measured with a
Zeiss PMa- 11 spectrophotometer 15 minutes later.
Measurement of Paraoxon Degradation in Vitro
The technique used was essentially that described by Devonshire
(1977).

Weighed groups of five adult apterous or nymphal aphids were

added to 2 ml of 0.1 M phosphate buffer at pH 7.0.

Homogenization

was performed in a glass homogenizer with a Teflon pestle. The
incubation mixture contained 0. 25 I>M14.f_-ethyl 1abel ed paraoxon or
un 1abe 1ed paraoxon used for met abo 1ites i denti fi cation, introduced in
1 ml acetone that evaporated before addition of the homogenates, 1 ml
buffer, and 1 ml homogenate.

Evaporation of acetone was necessary

to prevent unwanted side effects.

Suitab 1e b1anks were made using

phosphate buffers instead of whole aphid homogenates and this served
as a control.

The mixtures were shaken in open glass tubes in a

water bath at 25°C for 2 hr.

The proteins were then denatured by

addition of 0.5 ml of 10% perchloric acid.

The addition of perch l oric
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acid was essential since it was found that significant amounts of
product were formed after addition of the extraction solvent.

The

formation of more product was mainly due to the ability of the enzyme
to degrade substrate remaining after the first extracions (Oppenoorth
and Voerman 1975).
The mixtures were then extracted 3 times with 2-ml portions of
chloroform.

For quantitative assessment of the enzyme activity,

ml samples of the chloroform and the water extracts were added to
ml scintillation mixtures and counted in a Packard Tri-carb 2660
LSS liquid scintillation counter.

Chloroform was evaporated before

the scintillation liquid was added to each sample.
Nature of Metabolites
The chloroform extracts and the water phases of the incubates
were analyzed for products.

Portions of the chloroform extracts

(100 ul) were spotted on thin layer chromatography plates for
direct identification of unchanged paraoxon and possible metabolites.
The thin layer chromatography was conducted in two dimensions on
20 x 20 em plates with silica gel G (Brinkman, Inc., Cantiague, New
York).

Each layer was prepared in the laboratory at 0.33 mm thick-

ness .

The p1ates were activated for 1 hr at l10°C and deve 1oped in

4:1 (V/V) methylene chloride:acetonitrile.

The chromatograms were

developed in chambers lined on the inside with filter paper.
The water soluble extracts were hydrolyzed to free the
conjugated metabolites.

The procedure involved acid hydrolysis

brought about by adding 1 ml of 0.9 M HCl to the water-soluble
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phases, then incubating them in a boiling water bath for 1 hr to
hydrolyze the conjugates.

After the mixture cooled, the metabolites

were extracted 2 times with 2-ml portions of dichloromethane.

One

hundred microliter portions of the extracts were analyzed by thin
layer chromatograph for identification of the aglycones.
Pure paraoxon, each of its authentic derivatives, and combinations of all of them were chromatographed with the same solvent system
in order to determine their Rf values.

Iodine vapors were used as

a detecting system for the metabolites on all thin layer chromatography
p1ates.

The co 1ored areas, ori gina 1 spots, spots of the expected

metabolites, and total gel 'tlere scraped from the plates and transferred into vials containing 5 ml portions of the same scintillation
mixture used for the analysis of organa and water-soluble extracts.
Location of Paraoxon Degrading Enzyme After Electrophoresis
Two identical gels were simultaneously developed from homogenates
containing weighed individual nymph and adult aphids.

One gel was

stained for esterases as previously described and the other one
14
was tested for c-paraoxon degradation activity by first transversely sectioning the gel into 15 pieces.
each of the three esterase bands.

Five pieces represented

Each band's five pieces were

then combined and homogenized and processed and analyzed the same
as was described for analysis of the total paraoxon degradation.
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I nhi bi tor and Cofactor Experiments
The method used for the detection of inhib itor and cofactor
effects on the hydrolysis rate of paraoxon were also the same as
described for the total paraoxon degradation except for the
addition of inhibitors and cofactors .
Twenty micrograms of either PB or OEF dissolved in 2 ml
portions of acetone were introduced into the homogenates 1 hr
prior to the addition of 14 c-paraoxon. The acetone was evaporated
before the homogenates were added to prevent unwa nted side effects.
In the cofactors experiment, 2 mg NAOPH, 0.5 mg GSH or a combination of NAOPH

+

GSH in 0.5 ml of 0.1 M phosphate buffer at pH 7.0

was added to the homogenates 15 minutes after the addition of
14
C-paraoxon .
Whole insect homogenates were used and introduced to 0.25

~M 14 C-paraoxon to serve as controls in all the metabolic experiments.
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RESULTS AND DISCUSSION
The LCSO data showed considerable variations in paraoxon and
carbaryl lethalities with respect to source of insects, stage of
development, date, and treatments with DEF and piperonyl butoxide.
In terms of susceptibility, the pea aphid showed a moderate
susceptibility to paraoxon in general.

The susceptibi l ity, however,

varied slightly from day t o day and quite sharply from field to
field.

The insects were more tolerant in 1981 than in 1980 (Table 1).

Typical relationships between mortality and paraoxon toxicity
to the pea aphid in 1980 and 1981 are shown in Figures 3 and 4.
The changes in paraoxon toxicity from day to day of insecticide
in bioassay tests may be attributed to the fact that we were dealing
with a population consisting of different mi xtures of aphids at all
stages of the life cycle and of different sexes .
Baker (1977 ) found differences in resistance between peachaphids in different parts of the same field with the hi ghest
proportion of resistant aphids in areas where windborne new arrivals
were expected.

So the greater variability in paraoxon toxicity to

the pea aphid may also be due to aphids brought by wind from
different fields.

On the other hand, the paraoxon toxicity to

different strains of the aphid, Myzus persicae, on di fferent days
varied too much to permit the calculation of a resistance factor
(Oppenoorth and Voerman 1975).
In comparing paraoxon toxicity against pea aphid with other

Table l .

LC50 values, corre l ation coeffi c ients (r), s l opes (m), int erce pts (b) as
calc ul ated from p arao~o n ta xi city data where % marta 1i ty = m l og 1-19/Vi a 1
+ b, and es tim at~d perce nt dependency (l).

Date and l oca tion

LC50

% Depend ency on Es tera ses

"g/vial

June JO, 19BO

Fi e ld .( 2 )

0.056

98.33

172.99

0.~

~

Ju l y

7 , 1980

fie ld ( 3 )

0.046

65. 45

137.49

0. 77

July

9, 1980

fi eld (3)

0.060

52. 19

11 3.88

O.H

m
w

July 14, 1980

fie l d (3)

0.066

61 .68

122.70

0.~

%

June 11, 1981

field (l)

0.063

33.87

9o.n

w

June 17 , 198 1

fie ld (2)

0 .1 47

32.50

77.08

O.H
O.H

Ju ne 18, 198 1

field (3)

0. 704

20 .37

53. 10

0 . 77

y

June 19 , 198 1

fi eld (1)

0.134

42.91

87.36

0 . 91

n

June 20, 1981

field ( 2)

0.04 2

26.9 1

87.05

0.~

~

rn

J une 22, 198 1

fi eld (3)

0.691

14 .86

52.38

0.~

H

June 23, 1981

f i eld (l)

0 . 073

20 .37

73.10

0.77

~

June 25, 198 1

fie l d (3)

1.1 8

16.53

48.83

June 26, 198 1

fi e l d ( 3)

2.28

18.69

43.32

y

June 28, 1981

field (3)

l. 53

17.02

46.87

O.H
O.M
O.M

Ju l y

2, 198 1

fie ld (3)

l. 14

13.19

49.26

0.~

~

Ju l y

5 , 1981

fie l d (l)

0.264

14.5 1

58 .39

0.~

~

July

7, 1981

Fi e ld ( 3)

15. 14

46 . 23

0 . 73

y

Ju l y

9 , 198 1

f ield (3)

1.77
0.829

62.06

55.06

O.M

~

July 11, 1981

field (3)

0.897

59.04

52.77

0.95

45

Ju ly 14, 198 1

field (3)

0.889

45.89

46.11

0.~

~

~

~

Aul)u s t 14, 198 1

Field (3}

1.21

54.47

51.79

0.91

y

Augu s t 15, 198 1

field (3)

1. 12

31.1 5

48.54

O.N

y

August 16, 1981

fie l d (3)

l. 55

33 . 03

43.69

O.H

~
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Fig . 3.

The relationship between morta lity and paraoxon toxicity in the pea aphid
with and without DEF or piperonyl butoxide treatment based on 1980 data .
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The relationship between n~rtality and paraoxon toxicity in the pea aphid with
and without OEF or piperonyl butoxide treatment based on 1981 data.
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insect species, the pea aphid was considered to be to 1erant.

For

exam ple, the R and E-strai ns of the green peach aphid, Myzus
persicae, were considered to be resistant to paraoxon (LD50 93
ng/aphi d, 263 ng/aphid) (Oppenoorth and Voerman 1975; Beranek and
Oppenoorth 1977) whereas pea aphid adult LD50 ranged from 6 to 62
ng/aphid.
were 2.32

Paraoxon LD50 to Wilson and Ru strains of the house fly
~ g/g

and 9.75

~ g/g,

respectively (Nolan and O'Brien 1970).

Treatments with DEF greatly enhanced the toxicity of paraoxon
against the pea aphids.

However, the estimated percent dependency

on esterases varied from day to day with insecticide bioassays
(Table 1).

The field bioassay data have not shown any general

association between the pea aphid susceptibility and the percent
dependency of insects upon esterases for paraoxon detoxication.
Pi peronyl butoxide, on the other hand, had a lower effect on
enhancement of paraoxon toxicity (Table 2).

Carbaryl which has been

reported to show general susceptibility to MFOs detoxication (K uhr
1971; Guirguis and Brindley 1975; Nakatsugawa and Morelli 1976;
Osman and Brindley 1981) had little effect on pea aphid mortality
(Table 3).
In comparing toxicity against the pea aphids with many insect
species studied by Brattsten and Metcalf (1970, 1973a, 1973b) the pea
aphids were among the more tolerant insect to carbaryl poisoning.
For example, adult honey bees and stable fly, Stomoxys calcitrans
are very susceptible to carbaryl (LDSO 2.3 mg/gm, 0.66 mg/gm)
(Br attsten and Metcalf 1970) while the pea aphid LCSO ranged from
820 to 487

~g/2 5

mg(32.8-194.84 mg/gm) by topical application.

Table 2.

The effect of piperonyl butoxide synergist on paraoxon toxicity in the pea
aphid s to show th e esti mated percent dependencies upon MFO' s for detoxication.

Dale and lo ca t ion

LC 50

pg/via l

m

b

(r )

'.t Dependency on MFO

July

7. 1980

field (3)

0.046

83 .44

172.23

0.))

24

Ju l y

9, 1980

fie ld (3)

0.060

)) .49

162. 48

0.69

39

June 11, 1981

field ( 1)

0.063

27.42

87.72

0.69

31

June 17, 1981

fi eld ( 2)

0. 147

37.99

86.29

0.82

24

June 22, 198 1

fie ld ( 3 )

0.691

16.45

54.15

0.66

19

June 25, 198 1

field ( 3 )

1.1 8

20.37

53. 10

0.69

39

June 26, 198 1

field (3)

2.28

29.64

79.22

0.64

8

Ju l y

9, 198 1

field (3)

0 .829

59 . 51

5R.77

0.94

14

Ju l y 11, 1981

field (3)

0.897

67.74

54.7 4

0.95

Ju l y 14 , 198 1

fi e ld (3)

0.889

75.41

56.48

0.85

t

Table 3.

Carbaryl toxicity in the pea aphids as measured by contact bioassay, and estimated
percent dependency upon MFO s f or detoxication.

Uate and Locatio n

24 , 1980

l C50

119/Vla l

m

b

r

X Dependency on MF Os

Fie ld (3)

2766

127.62

Ju ne 25, 1980

389.25

Field ( 3 )

0.85

4342

125.62

406.96

July

0 . 61

2' 1980
5, 1980

Fi e ld (3)

19

4871

142.04

47 3.77

0 . 77

Fie ld (l)

37

6287

344 . 23

1257.56

June 11, 1981

0 .80

Fi e ld (l)

31

38 15

101.4 9

313.49

June 17 , 198 1

0. 78

Fi e l d (2)

55

2225

124 . 13

365. 49

June 18, 198 1

0.86

Field (3)

46

2857

88.84

257.04

June 19 , 198 1

0.84

Fie l d ( 1)

55

2082

122 . 54

June 20 , 198 1

356.66

Fi eld ( 2 )

0.92

34

1155

63 . 88

145.64

0.69

32

80.62

221 .1 7

0 .75

29
31

June

July

June 22 , 1981

Field (3 )

2310

June 23, 198 1

Fie ld (I)

1927

76.08

188.95

Ju ne 25, 198 1

0.77

Fie ld (3)

1782

46.46

10 1. 05

June 26, 190 1

Fie ld (3)

0.56

31

1894

55. 15

130.74

Jun e 28, 1981

Field (3)

0.67

33

1280

46.46

27

J ul y

94.38

2, 198 1

Fie l d (3)

0.66

4798

88.84

July

5, 1981

277.04

Field (l)

0.84

37

4486

62.48

July

178. 16

Fie l d ( 3 )

0.82

7' 1981
9, 198 1

25

1894

55. 15

130.74

Fie ld (3)

0.56

34

3675

61 . 11

Ju ly 11 , 1981

16 7.87

Field ( 3 )

0.81

21

3490

77.53

Ju l y 14, 198 1

22 4 .69

Fi e ld (3)

0. 78

27

3068

113.58

346 .OJ

August 14, 1981

Fie ld (3)

0.85

1091

33. 22

46.80

Augu s t 15, 1981

0.91

Field (3)

1297

88 . 58

225.75

August 16, 198 1

0.91

Field ( 3)

17

820

88.58

219.09

0 .72

25

Ju ly

23

..,
<.n
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Brindley (1975 ) using a bi ologica l assay approach similar to
the one used in this study found that alfalfa weevil adults and larvae
survived more than 1280

~g

carbaryl / vi al whereas LCSO values for a

flea beetle and wasp (Monodontomerus) were 10.1 and 0.82
carbaryl / vi a 1 , respectively.

~g

The grass bug, La bops hes peri us,

adult female LCSO ranged from 0.31- 0.65 11g carbaryl/vial (Osman and
Brindley 1981 ) .
The lower susceptibility of pea aphids to carbaryl to xicity may
be attributed to other than detoxication mechan i sms since treatments

with an MFO inhibitor, piperonyl butoxide, did not significantly
enhance the carbaryl toxicity against the insects.
Ses am ex, another MFO i nhi bi tor, had an antagonistic rather
than a synergistic action on

th~toxicity

aphids (Sun and Johnson 1960) .

of parathion against pea

So it can be concluded that MFO

activity may partially be absent in the pea aphids .

MFO activity

has a 1so been found to be absent in the green peach aphids due to
the presence of endogeneous materia 1s in homogenates (Devonshire
1973; Oppenoorth and Voerman 1975 ) .
The relationship between mortality and carbaryl toxicity in the
pea aphid with and without piperonyl butoxide treatment during 1980
and 1981 is illustrated in Figure 5.
The great enhancement of paraoxon toxicity by DEF and the lower
synergistic effect by piperonyl butoxide may be due to the higher
percent dependency of pea aphid on esterases for paraoxon
detoxication.

These also may explain the moderate tolerance of pea

aphid t o paraoxon poisoning.

However, it should be understood that

A Field 1 Carbaryl 1980
8 Field 1 Carbaryl +P8 1980
C Field 3 Carbaryl 1980
0 Field 3 Carbaryl +P8 1980
E · Field 1 Carbaryl 198T
F Field 1 Carbaryl +P8 1981
G Field 3 Carbaryl1981
100

H Field 3 Carbaryl+ PB 1981

A C

(

o~,1(

H

8 J/f;G

;;~;;lf- E

~~

;?
'/

80

.~

~

0

::1': 60
~

40

20

100

1000

fo,ooo

100,000

LGso pg Carbaryl7 vlif

Fi g. 5.

The relationship betwee n mortality and carbaryl to xicity in the pea aphid with and
without piperonyl butoxide treatments during 1980 and 1981 .
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esterases are not the only possible explanation for development of
tolerance (see Review of Literature).
Sawicki et al. (1978) reported the accuracy and the effectiveness of the dip-test in detecting resistance.

They also indicated

that the test could distinguish between the three types of
tolerance, S, R, and R2 (susceptible, moderately resistant, and
highly resistant, respectively) detected in field populations of
green peach aphids.

We intended therefore to compare the effective-

ness of the contact bioassay method with the dip-test in ability to
reflect different tolerance levels and possible detoxication
potential in field populations of pea aphids.
Data from the present study seemed to confirm the accuracy of
the dip-test as judged by the high correlation coefficients (Table 4
and 5) and the effectiveness of it in reflecting the tolerance level
in the pea aphid.

On the other hand, both contact bi a assay and the

dip-test had the same ability for estimation of the percent
dependency of pea aphids on esterases and MFOs for both paraoxon
and carbaryl detoxication (Table 4 and 5).

Topical application

method was also more accurate than the contact method in measuring
paraoxon toxicity to the pea aphid.
Adult pea aphids were more tolerant to paraoxon toxicity than the
nymphs (Table 6).

The relationship between mortality and paraoxon

taxi city to both adult and nymph pea aphids as measured by topical
application methods is shown in Figure 6.
Diethylmaleate (OEM) has been reported to be a specific
inhibitor of glutathione

~-transferases

in insects (Boyland and

Table 4.

Paraoxo n toxicity in the pea aphids as measured by dip-test, and estimated
percent dependency on es tera ses for detoxication.

Dat e an d l oca t1on

lC 50

1.1 9/lOml

m

b

r

% Dependency

Nov emb er 21\, 1980

Greenhouse

0.059

16.48

70.29

0 . 73

83

Nov ember 29, 1980

Gr·eenhouse

0.0020

37.99

114.47

0.97

92

Oece111ber

Greenhouse

0.002

37.99

114.47

0 . 97

60

June 11 , 1981

Field (l)

0.0059

37.99

134 .47

0.97

86

5, 1980

17, 198 1

Field (2 )

0.0071

59.51

177.79

0. 99

46

June 18, 1981

Field (3)

0 .042

1 ~2.87

365.75

0.99

89

June 19, 198 1

Fie l d (l)

0 .0042

132.88

365 .75

0. 99

54

June 20, 198 1

Field ( 2 )

0.0059

132 .87

345.75

0 .99

26

0.97

65

JliOC

22 . 1981 Fi eld (3)
June 23 . \ 981 Field (l)

0 .059

132.88

345.75

0.0069

37.99

132.47

0 .97

41

Jun e 25 , 198 1

Fi e ld ( 3)

0. 058

16.48

86.77

0.73

87

June 26, 1981

Field (3)

0.029

32.95

133.53

0. 73

44

June 28, 198 1

Field (3)

0.032

59.51

198.17

0.99

51

Jul y

Fi e ld (3)

0.014

59.51

218. 17

0 .99

88

Ju ne

2, 198 1

...

"'

Table 5.

Carbary l toxicity i n th e pea aphid s as measured by dip-testand es timated
percent dependency upon MFO s for detox i cation .

Date and Location

LC50

"9/lOml

m

b

,.

X Depe nde ncy on I"FOs

rlovcmber 26 , 1980

Greenhouse

886

74.81

170.49

0. 78

29

December

3 . 1980

Greenhouse

1414

139. 07

388.09

0.91

14

Dece111ber

9. 1980

Greenhouse

583

99.66

225.6 4

0.98

15

Decen1ber 10, 1980

Greenho use

354

66.43

119. 32 1

1.0

22

December 11, 1980

Greenhouse

426

61.69

11 2.22

0 . 93

18

June ll , 1981

Field (2)

446

66.43

125 . 98

0.86

22

June 17, 1981

Field (2)

213

33.6 1

28.23

0.99

June 18, 198 1

Field ( 3)

144

35.73

27. 11

0.91

20

June 19, 1981

Field ( 1)

435

25.89

18.29

0.90

43

June 20, 1981

Field ( 2)

158

42.71

43.84

0.98

16

June 22, 1981

Field (J)

363

51.48

81.79

0.99

26

June 23 , 1981

Field (1)

194

49.36

62.9 1

0.95

25

June 25, 1981

Fie ld (3)

523

35.73

47.11

0.9 1

33

June 26, 1981

Fie l d (3)

33 1

31. 49

29.35

0.80

38

June 28, 198 1

Field (3)

891

66.44

14 5.98

0.87

25

Ju l y

Field (3)

707

66.43

139.32

1. 0

22

2. 1981

<.n
C>

Table 6.

Paraoxon toxicity in the pea aphids as measured by topical app li ca tion method.
L050

Date and locat ior1

(l)

ng/n~

( 2)

(l)

(2)

(l)

(2)

(l)

(2 )

dun e 30, 198 1

field (l)

3.40

1. 07

35.78

30.27

19 .08

13.89

0 . 86

0.95

Ju l y

J, 198 1

fi e ld ( l)

3.00

3.07

42 .19

57.67

29. 14

46.32

0.98

0. 73

Ju l y

5 , 1981

fi e ld (J)

7.04

1 .20

48.61

24.85

59. 19

19.04

0.98

0.9 1

July 7, 198 1

Fie ld (J )

8.96

2 .87

60.53

45.65

92 .2 3

24 . 44

0.95

0.98

Ju l y

9, 198 1

field (J)

8.96

4. 73

42. 19

36 . 26

49. 14

17.07

0.99

0.99

Jul y II, 198 1

fie l d ( 3)

12. 32

0.13

35.79

13.44

39.08

45 . 15

0.86

0.82

July 14 , 198 1

f i eld (J)

8 . 96

4.73

66.06

49.69

105.19

41.92

0.96

0.91

August 14, 1981

Fie l d (J)

1. 36

1. 00

47 .68

59.51

23. 18

19.88

0.98

0. 99

August 15 , 190 1

f i e l d (3)

2 .84

1. 20

49 . 69

:l4 .47

41 .92

18.65

0.91

0.9 1

Augus t 16, 198 1

field (3)

2.84

I. 53

45.65

8 1 .OJ

34 . 44

60.25

0.93

0.99

Tn--;-Adu l t s
( 2)

=

Nymphs

<.n
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Fig. 6.

The relationship between mortality and paraoxon toxicity in the pea aphids as
measured by topical application method.

(T1

N

53

Chasseaud 1969; Pimprikar and Georghiou 1979).

However, OEM had no

synergistic effect upon either paraoxon or carbaryl toxicity against
pea aphids .
gluthione

Therefore, no further attempt was made to separate

~-transferase

on electrophoretic gels .

The design of the electrophoretic and metabolic studies was
derived to confirm what the bioassay data refle cted, detect if
possi ble detoxication mechanism(s) other tha n esterases were involved,
and to develop a mechanistic technique that would be accurate in
detecting different levels of tolerance or resistance.
Sims (1965) used electrophoresis on polyacrylamide gels to
study the esterases of two species of Drosophila.

Price and Bosman

(1966) employed the same medium to investigate non-esteratic proteins
of the blow fly.

A more comprehensive st udy was conducted by Arurkar

and Knowles (1967) who examined the esterases of homogenates of
seven different insect species.

Work on esterases of resistant

insects has been successfully conducted on house flies (Wa ng and
Plapp 1980) and mosquitoes (Georghiou et al. 1980) .
The use of electrophoresis in single aphid homogenates has
proven to be highly effective in reflecting different levels of
tolerance and resistance in the green peach aphids (Needham and
Sawicki 1971; Devonshire 1977; Sawicki et al. 1978).
Electrophoresis of adult and nymph pea aphid esterases on
vertical polyacrylamide slab gels was used in this study; a-naphthyl
acetate, eserine, paraoxon, DEF, and

~-methylindoxy

acetate were

used to detect and classify the different esterase bands i n th is
insect species.
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In both adult and nymph pea aphids, a total of three esterase
bands hydrolyzing a- naphthyl acetate were found .

These stained as

dark brown areas of slight variations in intensities (Figure 7).
83 was the fastest moving band and on visual comparison was the most
intense and occupied a la rge area. 82 was intensely colored but
occ upied a relatively smaller area than 83. 81 was the slowest
moving band and was slightly intense and occupied the smallest
area among the bands.
The esterase bands were classified according to their inhibition
after incubation with 10- 6 M paraoxon, 10- 6 M eserine, and 10 -S M
DEF in phosphate buffer pH 6.5 before adding the substrate-dye
coupler mixture.

Esterases corresponding to 8 and 83 were classi2
fied as carboxylesterases. They were inhibited by the two organa phosphorus compounds but not by eserine.

Esterases corresponding

to 81 were attributed to cho lines terases.
eserine and organophosphorus compounds .

They were i nhi bi ted by

Similar patterns of bands and i nhi bi ti on \vere observed when
homogenates of nymphs were electrophoresed except that smaller
and slightl y less colored bands were observed compared to the adult
bands.

There was substantial variation among both adult and nymphal

individuals with respect to the color intensities of the resolved
bands.

Qua ntitative variations were related to toxicity variations

and may add a furth er explanation to the variation in paraoxon
to xi city among these insects.
The number of esterase bands resolved by electrophoresis
techniques varied considerably according to insect species.

Sims
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Zymograms of esterases of adult (A) and nymph (N) of pea
aphid separated on 7.5% polyacrylamide gel. a. control of
esterases; b. esterases treated with 10-6M eseri ne ;
c . esterases treated with 1o-6M paraoxo n; d. este ras es
treated with lo-5 DEF; e. esterases treated with 0.5
gm N-methyl-indoxy acetate.
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(1965) found that whole homogenates of Drosophila virilis Sturtevant
contained only one esterase band, while two esterase bands were
found in Q_. melanogaster Meigen.

Arurkar and Knowles (1967)

separated 14 carboxylesterases from the supernatant of the threestriped blister beetle, Epicauta lemniscata, homogenates.
Arurkar (1968) also found that

zymo~rams

resulting fro!'l

separation of soluble esterases contained 6 esterase bands in the
fall weiJ..iorm and 10 in the black blister beetle and the American
cockroach.

Three intensely colored bands have been found in green

peach aphids (Baker 1977).

Nine esterases have been found by Cas abe

and Zerba (1981) in Triatoma infestans.
A correlation between high esteratic activity towards
a-napthyl acetate and resistance in Myzus persi cae has been reported
by Need ham and Sawi cki (1971), Beranek (1974) , and Devonshire (1977).
To test whether such a relation is also present in pea aphids,

esterase activity was measured in adults and nymphs employing the
method of Devonshire (1977) and using a-napthyl acetate as a substrate.
Whole individual aphid homogenates were elctrophoresed on vertical
po lyacrylamide slab gels and the esterase activity was spectraphotometrically measured in the individual bands.
Carboxylesterase-2 (Band 3) was the most active esterase
band while carboxylesterase-1 (Band 2) showed a moderate activity.
Cholinesteras e (Band 1) was the least active esterase band towards
a-naphthyl acetate hydrolysis (Table 7).

Generally, bands from

nymphs were less active in hydrolyzing a-naphthyl acetate than the
ad ult bands.

The increase in a-naphthyl acetate hydrolytic activity

Tab le 7.

Hydrolytic activity in different bands of eletropherograms of adult and nymphal
pea aphid homogenates usi ng 25 ~mol. a -naphthyl acetate as substrate.
Hydro l ysis Rate ± SD(n)

Enzyme Character

In sec t Stage

(IJrllol .o- naphlhol/mg/hr)

LD SO

1

SO

(ng paroxo n/mg aphid )

t Dependency

:t

SO

(on esterases )

Tota l este,·ases

Adult

4 . 46

91.B3 ±

7.4 2

Ban d (1)

Adult

0.54 ± 0.1B (30)

11. 09

1

0.94

Band ( 2 )

Adult

1 . 10

i

0.25 (30)

22.6 1

1

2 .B9

Ba nd ( 3)

Adult

1. 17

1

0. 43 (30)

44. 64

1

3. 31

To tal Es t erases

Nymph

1 .1B ± 0 .51 (30)

1

O.B1 (30)

18. 10 1 5.77

15.09

1

8.73

50.23 ' 10.63

Ba nd (1)

Nymph

0. 11 ± 0.06 (30)

2.35

:t

1. 01

Ba nd ( 2 )

Nymph

0.38 ± 0.13 (30)

9.03

1

5. 15

Band (3)

Nymph

1 . 19 t 0 . 31 (30)

26 . 10> 10.4 8

'-"
__,
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in various bands of pea aphid esterases was associated with a
general increase in estimated percent dependency of insects upon
esterases for paraoxon toxicity (Tab le 7).

If the percent

dependency values for adults or nymphs are partitioned among the
electrophonetically-separated bands according to their hydrolytic
activity of a-namphthylacetate, one estimates that band 1 is
responsible for 2.35, band 2 is responsible for 9.03, and band
is responsible for 26.10 percent of the tolerance of the nymphal
aphids.

The relationship between the hydrolysis rate of a-naphthyl

acetate and the estimated percent dependency is shown by Figure 8.
The most striking difference between the esterases of adults and
nymphs was the greater activity shown by carboxylesterase-2 ( band 3)
in the adult pea aphids.
A re l ationship between esterase activity and tolerance or
res istance has been establ ished in many insect species and has been
interpreted as a change in an esterase due to a mutation which
simultaneously affects substrate specificity and capacity to
degrade organophosphorus i nsecti ci des {Oppenoorth 1965) .

A good

correlation between highly active carboxylesterase- 2 and organophosphorus detoxication capacity has been confirmed in Myzus
persi cae {Oppenoorth and Voerman 1975; Sawicki et a l. 1978;
Devonshire and Sawicki 1979) and the southern house mosquito
(Georghiou et al. 1980).
In the present study, esterase activity towa rds paraoxon
degradation was measured.

The technique was essentially that

described by Oppenoorth and Voerman (1975).

11hole aphid homogenates

1
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bands from adult and nymphal pe a aphids.
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or the gel slice equivalent obtained from electrophoresis were used
and the paraoxon hydrolysis activity by tota l esterase and i ndividual
bands was measured.

If the insects under study had high and active

esterases or other enzyme systems for paraoxon detoxication, several
metabo lites should have been identified and measured.

Thin layer

chromatography, iodine vapors, and Rf values were used to detect
and assure the presence of such metabolites.
Thin layer chromatography of the chloroform (organic) extracts
showed a single peak with an Rf of 0.59 upon development in
methylenechloride-acetonitrile 4:1 (V/V).
paraoxon.

This was unchanged

Diethyl phosphoric acid (DEPA) with an Rf value of 0.47,

upon development in the same system, was the only metabolite
detected in the water phase.
on the plates.

No other radioactivity could be fou nd

This indicated that DEPA could be the only metabolite

resulting from the hydrolysis of paraoxon molecule by these insects
(Table 8).
With techniques that were used for metabolic studies of the
same compound in house flies (We lling et al. 1971) it was investigated
whether desethy l paraoxon and phosphoric acid were produced by pea
aphid homogenates.

These compounds were found to be absent, which

further added to the evidence t hat the metabolic prod uct is mainly
DEPA.
Similar results were obtained in several insect species.

Welling

et al . (1971) and Nolan and O'Brien (1970) found that desarylation
of paraoxon was the major detoxication mechanism in Wilson and RU
strains of house flies.

In other house fly strains, DEPA was the

Table 8.

Esterase activity and paraoxon degradation in diffe r ent ba nds of electropherograms of adult a nd nymph pea aphid homogenates us ing 0.25 IJinOl .
l4C-pa raoxon as a substrate.
t Dependency

Enzy1ue Cha rac t er

DEPA

Stage o f In sec t s

Tota l este rases
Band ( 1)

Adult

on Esterases

61.56

1

1

SD (n)

21 .65 (3)

18.68

n mo l. DEPA/mg/ hr

t

3.14 (3)

2.46 ± 0.27 (3)

3.04 (3)

1 . 19 ± 0 . 42 (3)

13.37 ' 1. 56 (3)

1 50 ' 0.32 (3)

Adu lt

1

SD(n )

0

Band ( 2)

Adu lt

29. 42

1

12.94 (3 )

Band (3)

Adu1 t

37.53

1

14.28 (3)

Total esterases

Nymph

47 .95! 25.91 (3)

Ba nd ( 1)

Nymph

Band ( 2 )

Nymph

9.72

1

3.93 (3)

Band (3)

Nymph

20.32

1

13 .35 (3)

=

% Hydro ly s i s t SO (n)

9.8 1

!

7.68

1

1 .47 ( 3)

1 .68 ' 0.25 (3)

1.17

1

0.89 ( 3 )

0.37 ' 0 .13 (3)

0
3.70 1 2.06 (3)

0. 77

1

0 . 47 (3)

Diethylphosphoric ac id

~
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only paraoxon metabolite formed by the fly homogenates (Welling et
a 1. 1971).

Oppenoorth and Voerman ( 1975), Beranek and Oppenoorth

(1977) and Devonshire (1977) demonstrated that Myzus persicae
homogenates produced DEPA as a single paraoxon metabolite.
Addition of DEF effectively inhibited the formation of DEPA
in both adults and nymphs while piperonyl butoxide had little or
no effect on the hydrolysis of paraoxon by pea aphids.
of NADPH or GSH as cofactors for MFOs and glutathione

Addition
~-transferases

had no effect in increasing paraoxon hydrolysis in homogenates of
pea aphids (Table 9).

This finding seemed to confirm the bioassay

data in which DEF gave a higher synergistic effect upon paraoxon
degradation while piperonyl butoxide had only a slight effect.

This

also confirmed the importance of esterases in the pea aphid for
detoxication of paraoxon by dearylation.
The data also showed a good correlation between paraoxon
hydrolysis by different esterase bands of pea aphids and the estimated
percent dependency obtained with the
(Figure 9).

insects~

vivo by bioassy

So it can be concluded that the hig h percent dependency

values found for the pea aphids upon carboxylesterases express an
important role for those esterases in determining the tolerance of pea
aphids to paraoxon poisoning.
The electrophoretic and metabolic studies revealed a good
correlation between the degree of paraoxon tolerance and the
activity of carboxylesterase and paraoxon-degrading enzyme, suggesting that the insecticide hydrolyzing enzyme is responsible for
tolerance, and that measuring the carboxylesterase activity will

Table 9 .

Effects of inhibitors and cofactors on the esterase activity and paraoxon
degradation by pea aphid homogenates.
%.

Enzyme Charac te r

Stage of In sec t s

Dependency

on Este rases

1

SD(n)

%Hydroly s i s

1

SD(n)

Tota l on l y ( con t ro l)
Total -t PO

Adult

19. 99 ! 2.98 (3)

Adult

18.40

Tota l t OEF

Adult

2.96

Total + NADPII
Tot a l + GSH

Adult

Tot a1 t NADPH t GSH

Total only ( con trol)

Nymph

Tota l + PB

Nymph

To tal + OE F

Nymph

92.42

42 (3)

n mo l. DEPA/rng/hr

1:

2.58

1

0.58 (3)

1

4.1 8 (3)

2 .3 2

!

0.58 (3)

i

0.48

0.32

t

0.06 (2)

21 .6 4 ! 2 .71 (3)

2.83

i

0.5 5 (3)

Adult

20.37 ! 4 .56 (3)

2.63

i

0.60 (3)

Adult

22.2

2.75 t 0 .39 ( 2 )

48 . 74

i

t

21.1 2 (3)

! 0.81 ( 2)

7.85

i

0.88 ( 3 )

.63

1

0.16 (3 )

6.77

i

0.53 (3)

.5 4

1

0.03 (3)

0

0

Tot a 1 + NADPil

Nymph

8.27

Tota \ + GSH

Nymph

7. 10! 0.49 ( 3 )

To t al + NADPII + GSH

Nymph

7 . 15

i

i

SO (n)

1. 72 ( 3)
0.90 (2)

.71

t

0.18 ( 3 )

1 56 ' 0.09 (3 )
1 .68 t 0.18 (2)

2::
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The rel ati onshi p be tween paraoxon hydrolysis and
es ti mated percent dependency on di ffe rent esterase
bands from ad ult and nymphal pea ap hids .
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give a good indication of the degree of tolerance and/or resistance.
Paraoxon and a-naphthyl acetate were degraded 2 times greater by
homogenates of adult than by the nymph pea aphids.

In both adult

and nymph, there was no significant contribution to the total
esterase activity by enzymes other than carboxylesterase 1 and 2.
The good proportionality between the activities of the carboxylesterase and paraoxon-degrading enzyme (Figure 10) suggested
that the hydrolysis of both substrates was brought about by the same
enzyme.

Beranek (1974), Needham and Devonshire (1975), Oppenoorth

and Voerman (1975), Beranek and Oppenoorth (1977), and Devonshire
and Sawicki (1979) have reported that carboxylesterase-2 is the
same enzyme that hydrolyzes organophosphorus compou nds in Myzus
persi cae.
Moreover, the highest radioactivity was only found in incubation
of the gel slices corresponding exactly to the position of the most
active carboxylesterase-2 in the stained gel slices and provided
further preliminary evidence that this carboxylesterase is the same
enzyme as that degrading paraoxon.
Other insects have also shown a correlation between organo phosphate tolerance and/or resistance and esterase activity, although
not necessarily one of the increased esterase activity associated
with tolerance (see Review of Literature).
The hydrolysis rate of a-naphthyl acetate and

14

c-paraoxon

after incubation with each band's slice from the gel is summarized
in Figure 11.
In general we may conclude that in the pea aphid, Acrythosiophon

66

5.0

~ ""'''""

Band 3 adult
Band 2 adult
!:land 1 adult

4.5

...~

6

•
I

Total
Band
Band
Band

nymph
3 nymph
2 nymph
1 nymph

4.0

.c

0.

3.5

~
0

.c
~

..

Q.

3.0

c

I
lf.

0

~

2.5

=I.

•

~

..

-.;,..

2.0

..,e
,..
:r

1.5

1.0

0. 5

0.5

1. 0

1.5

2.0

2.5

3. 0

Hydrolysis rate n mol. DEPA / mg/hr

Fig. 10.

Rate of hyd rolysis of a- naphthyl acetate and paraoxon by
different esterase bands of pea aph i ds .

3. 5

67

~

"'

4 .0

E

<
0..
UJ

0

Adults

O

Nymphs

c

0

3 .0

E

=

"

~

2.0

<ll

-~

0

.0>.:::;

1 .0

c:
0

"0~
0..
"'

•

"'c;,
.§
0.:::;

•

I

~

~

z

1.0

~

0

E

.,it-

2.0

~
<ll

;;
>-

3 .0

0

.0>.:::;

>.

"'~

4 .0

~

c:

5 .0

Fig. 11.

The hydrolysis rate of a-naphthyl acetate and 14 cparaoxo n by different electropho retic bands of pea ap hids .

pisum, carboxylesterases play the most important role in paraoxon
degradation but additional tolerances due to the oxidative
degradation may be present.
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SUMMARY AND CONCLUSIONS
This study was designed to detennine the role of esterases
and monooxygenases in the detoxication potential in field
population of pea aphids with respect to seasonal changes, developmental stage, and DEF and piperonyl butoxide treatments.

These data

would pennit calculations of percent dependencies upon esterases
and MFOs for detoxication of paraoxon and carbaryl in these insects.
A com binati on of bioassays, electrophoretic, and metabolic studies
were conducted to show and confinn the ability of simple bioassays
to predict es terases and MFO 1eve 1s

~

vivo .

Insects used came from populations of several alfalfa fields
near North Logan, Utah, during two consecutive years (1980 and 1981)
and on two consecutive seasons each year (spring and summer).
Insects used in the electrophoretic and metabolic studies came from
a greenho use and were original l y brought in from the most to lerant
alfalfa field during the summer of 1981.

Contact bioassay experi-

ments were conducted in the field using a field incubator with a
precise temperature control (20°C

±

0.5).

The LCSO data showed considerable variations based on sources
of insect pop ulation, dates of treatment, types of insecticide,
stages of development, and trea tments with DEF or pipero nyl butoxide.
The pea aphid was highly tolerant to carbaryl poisoning (LDSO 8208471 ug/vi al ) and moderately tolerant to paraoxo n poisoning
(LCSO 0.04- 2. 3 ug/vial).

Adults were more tolera nt to pa r aoxon
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toxicity (LDSO 1.4-12 . 3 ng / aphid ) than nymphs ( LDSO 0.13 -4 .7 ng / aphid).
The variation in toxicity may be due to the heterogeneity of aphid
populations.
Treatment with DEF enhanced paraoxon toxicity against the pea
aphids.

Pi peronyl butoxide had only a little effect on the enhance-

ment of paraoxon and carbaryl toxicity against the insects.

The

calculated percent dependency values were 25 - 98 and 8-39% for
paraoxon (esterases) and carbaryl (monooxygenases) r es pectively.
Both the dip-test and the topical app l ication methods provided
accurate estimates of paraoxon and carbaryl toxicity and the
enzyme sys terns i nvo 1ved in the pea aphid.

On the other hand, the

contact bioassay and the dip-test had the same effectiveness in
estimating percent dependency on esterases and MFOs in the pea aphid
for detoxication of paraoxon and carbaryl .
Electrophoretic separation of the individual pea aphid
homogenates resolved three enzyme bands.

Band 1 was classified as

cholinesterase and had no acti vity toward pa rao xon and little
activity for a-naphthyl acetate hydrolysis .

Bands 2 and 3 were

designated as carboxylesterases which were the most active in
hydrolyzing both a-naphthyl acetate and paraoxon .

The same

electrophoretic pattern was detected with homogenates from both
adults and nymphs.

However, nymphs were less active in a- naphthyl

acetate and paraoxon hydrolysis.
Diethylp hosphori c acid (D EPA ) was dete cted as the only paraoxon
met abo 1i te produced by pea aphid which indicated t hat £.-Q.-arylcl eavage was the main degradation pathway of paraoxon by the
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i nsects.

Addition of the co factors, NADPH and GSH, did not s i gni fi-

cantly increase the formation of DEPA.

This may suggest that MFOs

and/or gluthione-dependent systems play a small role or no role at
all in paraoxon metabolism by the pea aphids.
There was a good correlation between bands activity and
estimated perce nt dependencies on esterases for detoxication of
paraoxon which indicated the relative value of percent dependency
concept in estimating the activity of different enzyme systems.
A general association between activities of carboxylesterases
and paraoxon-degrading enzyme was found in both adults and nymphs
suggesting that the hydrolysis of both substrate was by the same
enzyme.

The data reflected the re 1ati ve effectiveness of fie 1d

bioassays in detecting the general tendency of the pea aphids with
regard to the most important detoxication mechanism.
Therefore, it can be concluded that the level of tolerance to
organophosphorus compound in the pea aphid, Acrythosiphon pisum,
depends on the amount of carboxylesterase-2, the enzyme which
degrades organophosphorus compound and a- naphthyl acetate.

Estimating

the activity of carboxylesterases by total esterase determination,
or after its separation by electrophoresis, provided a rapid and
accurate method of measuring the level of tolerance in populations
of pea aphids .
The study generally showed a relatively good correlation
between the field bioassays and substrate metabolic studies,
reflecting the value of the bioassay with percent dependency
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concept in establishing some conclusions regarding the esterases
state and their effects in both adult and nymphal pea aphids.

73

REFERENCES
, Abdel - All, A. Y. and D. M. Soderlund. 1980 . Pyrethroidhydrolyzi ng esterases in southern army worm 1arvae:
tissue distribution, kinetic properties and selective
inhibition. Pestic. Biochem. Physiol. 14 :2 82-8.
Aldridge, W. N. 1953 . Serum esterases: an enzyme hydrolyzing
diethyl p-nitrophenylphosphate ( E-600) and its identity with
A-esterase of marrmalian sera. Biochem. J. 53:117 - 9.
Aldridge, W. N. and E. Reiner. 197 2. Enzyme inhibitors as
substrates. In: A. Neuberger and E. L. Tatum, eds. Frontiers
of biology. North -Holl and, Amsterdam.
Arurkar, 5. K. 1968. Electrophoretic studies of insect es terases.
Ann. Entomol. Soc. Am . 61:686 - 90.
Arurkar, S. K. and C. 0. Knowles . 1967. Electrophoretic
separation of soluble esterases from the blister beetle,
Epicauta lemniscata ( Fab. ), and their inhibition by certain
OPs and carbamates . Entomol. Soc. Am. 22:13 4-7.
Augustinsson, K. B. 1958. Electrophoretic separati o n and classi fication of blood plasma esterases. Nature (London ). 181:
1786-9.
Baker, J. P. 1977. Assessment of the pote ntial fo r and development
of orga nophosphorus resista nce in field popula ti ons of Myzus
persicae. An n. Appl. Biol. 86:1 - 9.
Beranek, A. P. 1974. Esterases variation and organophosphate
resistance in populations of Aphis fabae and Myzus persicae.
Ent. Exp. Appl. 17:129-42 .
Bera nek, A. P. and F. J. Oppenoorth. 1977. Evidence that the
elevated ca rbo xyl esterase (esterase 2) in organophosphorus
resistant Myzus persicae (Sulz.) is identical with organo phosphate-hydrolyzing enzyme . Pestic. Biochem. Physiol.
7:16- 20.
Boyland, E. and L. F. Chasseaud. 1969. The role of glutathione
and glutathio ne S- transferases in mercapturic acid biosynthesis.
Adva n. Enzymol. 32:173-219.

74

/ Brattsten, L. B. and R. L. Metcalf. 1970. The synergistic ratio
of carbaryl and piperonyl butoxide as an indicator of the
distribution of multi-function oxidases in insecta. J. Econ.
Entomol. 63 : 101 - 4.
,

Brattsten, L. B. and R. L. Metcalf. 1973a. Age - dependent variations
in the response of severa l species of diptera to insecticidal
chemicals . Pestic. Biochem. Physiol. 3:189- 98 .
Brattsten, L. B. and R. L. Metcalf . 1973b. Synergism of carbaryl
toxicity in natural insect populations. J. Econ . Entomol.
66:1347 - 8.
Brindley, W. A. 1975. Insecticide bioassays with field populations
of alfalfa weevils, a simp l ified approach. J. Econ . Entomol.
68:227-30.

, Brindley, W. A. 1977. Synergist differences as an alternate
interpretation of carbaryl - piperonyl butoxide toxicity data.
Environ . Entomol. 6:885-8.
Brindley, W. A. , D. H. Osman, and R. L. Rose. 1982 . A portable
incubator and its use in insecticide bioassays wit h field
populations of lyg us bugs, aphids, and other insects. J.
Econ . Entomol . In press .
Bull, D. L. and D. A. Lindquist. 1964 . Metabolism of 3- hydroxy - N,
N-dimethyl - crotonamide dimethyl phosphate by cotton plants,
insects and rats .
J. Agr. Food Chem. 12:310- 17.
, Carricaburu, P. , R. Lacroix and J. Lacroix . 1980 . Electroretinograph ic study of the white mouse intoxicated by
orga nophosphorus : methylparathion, parathion, and paraoxon.
Pestic. Biochem. Physiol. 13:244-8.
Casa be, N. and E. N. Zerba. 1981. Esterases of Triatoma infestans
and its relationship with the metabolism of organophosphorus
insecticides. Camp. Biochem. Physiol. C. 68:255-8.
Casida, J. E. 1963. Made of actio n of carbamates.
Entomol. 8:39- 58 .

Ann. Rev.

- Chambers, J. E. 1976 . The r elationshi p of esterases to organo phoshorus insecticides tolerance in mosquitofish. Pestic.
Biochem. Physiol. 6:517-22.
Collins, W. J. and A. J. Forgash. 1968 . Acrylamide ge l electrophoresis of housefly esterases. J. Insect Physiol. 14:
1515-23.

75
Curry, P. J. 1977 . Esteras es polymorphism in a field populat i on
of the African migratory locust Locusta miqratoria
migratorioides. J. Insect Physiol. 23:405 - 14.
, Davies, D. and B. J. Holub . 1978 . Comparative effects of dietary
parathion on the act ivities of cholinesterase and lecith i n:
cholesterol acyltransferase in rat plasma. Toxicol . Appl.
Pharmacol. 42:641 - 5.
Davis, D. W. 1976 (ed.). Insects and nematodes associated with
alfalfa in Utah. Utah Agri . Exper. Sta., Logan, Utah, Bull. 494.
Dauterma n, D. C. 1976. Estramicrosomal metabolism of insecticides.
Pages 149- 76.!...!! C. F. Wilkinso n, ed . Insecticide 5ioc hemi stry
and physiology. Plenum Press, New York.
Devo nshire, A. L. 1973. The biochemical mechanisms of resistance
to insecticides with special reference to the housefly.
Pestic. Sci. 4:521 - 9.
Devonshire, A. L. 1977. The properties of a carboxyl esterase from
the peach - potato aph id, Myzus persi cae (S ulz.), and its ro 1e
in conferring insecticide resistance. Biochem. J. 167:675 - 83.
Devonshire, A. L., G. N. Foster, and R. M. Sawicki. 1977 . Peach potato aphid, Myzus persicae (S ulz .) resista nt to organophosphorus and carbamate insecticides on potatoes in Scotland.
Plant Pathol. (London ). 26:60- 2.
Devonshire, A. L. and R. f'. Sawic ki. 1979. Insecticide resistant
~ ersi cae as an example of evolution by gene duplication.
~
London ). 280:140 -1.
De nnin ger, C. , H. D. Hutson, and B. A. Pickering. 1966. Oxidative
cleavage of phosp horic acid triesters to diesters. Biochem.
J. 102:22 - 9.
, Fleming, W. J . and C. E. Grue. 1981. Recovery of cholinesterase
activity in five avian spec i es exposed to dicrotophos, an
organophosphorus pesticide. Pestic. Bi ochem. Physiol. 16:
129- 35.
,

Fukami, J . and T. Shishido . 1966. Nature of soluble, gluta t hione dependent en zyme system active in cleavage of methyl parathio n
to des methyl parathion . J. Econ. Entomol . 59:1338- 41.
Gaughan, L., J. L. Engel and J. Casida . 1980 . Pesticide inter actions: effects of organophosphorus pes ticides on the
meta bo lism, toxicity, and persistance of selected pyrethroid
insecticides. Pestic. Biochem. Physiol. 14 : 81 -5.

76
Georgh iou, G. P. 1965. Genetic studies on insecticide resistance.
Pages 171 - 230 in R. L. Metcalf, ed. Advances in pest co ntrol
rese arch. Intersci ence, New York.
Georghiou, G. P. 19 72. The evolution of resistance to pesticides.
Ann. Rev. Ecol. Syst. 3:133 - 68 .
Georghiou, G. P. and C. E. Taylor. 1977. Genetic and biological
influences in the evolution of insecticide resistance. J.
Econ. Entomol. 70:319-23.
Georghiou, G. P. and N. Pasteur. 1978. Electrophoretic esterase
patterns in insecticide - resistant and-susceptible mosq ui to es.
J . Econ . Entomol. 71:201-5 .
Georg hi ou, G. P., R. L. Metcalf and R. B. 11arch. 1961. The
development and characterization of resista nce to carbamate
insecticides i n housefl y , Musca domestica . J . Econ Entomo l.
54:132 -40.
Georghio u, G. P., N. Pasteur and M. Hawley . 1980. Linkage
relationship between organophosphate resistance and a highly
active esterase-B in Cu l ex guinguefasciatus from California.
J. Econ. Entomol . 73:301 - 5.
, Gilbert, G. 1972. Juvenile hormone induction of esterases:
mechanism for the regulation of juvenile hormone titer .
Proc. Natl. Acad. Sci . 69:1593 -5 .
, Guilba ult, G. G., S. S. Kuan, J . Jully and D. Hackney. 1970.
New procedu r e for rapid and se nsit ive detection of cholineste rase
sepa rated by polyacrylamide ge l electrophores i s. Anal. Biochem.
36:72 - 7.
Guirguis, G. N. and W. A. Brindl ey. 1975. Carbaryl penetration
into and metabo li sm by alfalfa leafcutting bees, Meqachile
pacifica. J. Agr. Food Chern . 23:274 - 9.
Harvey, T. L., H. L. Hackerott and E. L. Sorenson . 1971. Pea
aphid injury to resistant and susceptib le alfalfa in the field.
J. Econ. Entomol. 64:513- 17 .
Hinderer, R. K. and R. E. Menzer. 1976 . Comparative enzyme
activities and cyt.P- 450 levels of some rat tissues wi th
resp ect to th eir metabolism of several pesticides. Pest i c.
Biochem . Physiol . 6:148 -60.
Hodgson, E. and J. E. Casida. 1962. Mammalian en zymes involved
in the degradation of 2,2 - dichloroviny l dimethy l phosphate.
J. Agr. Food Chern . 10:208- 14.

77

Holmes, R. S. and J. Masters. 1967. The developmen tal mult i plicity and isozyme status of avian esterases. Biochem.
Biophys. Acta . 132 :379 - 99.
Hollingworth, R. M., R. L. Metcalf and T. R. Fukuto. 1967. The
selectivity of sumithion compared methyl parathion: metabolism
in the white mouse. J. Agr. Food Chern. 15:242-7.
, Hollingworth, R. M., R. L. Metcalf and T. R. Fukuto. 1969.
Dealkylation of organophos phorus esters by mouse liver en zymes
~vitro and~ vivo.
J. Agr. Food Chern. 17 :987-96.
Hurst, H. E. and H. W. Dorough . 1978. Chemical alteration of
the hydrolytic deto xication of methylcarbamates in rats.
Pharmaco logis t
20:146-9.
Hutson, D. H., B. A. Pickering and C. Denninger. 1968. Phosphoric
acid triester-glutathione alkyl transferases. Biochem. J.
106 :20-39.
lshaaya, I . and J. E. Casida. 1980. Properties and toxicological
significance of esterases hydrolyzing permethrin and cypermethrin in Trichoplusia ~larval gut and integument. Pestic.
Biochem. Physiol. 14:178-84.
lshaaya , I. and J. E. Casida. 1981. Pyrethroid esterases may
contribute to natural pyrethroid tolerance of larvae of the
common green lacewing. Environ. Entomol. 10:681 -4.
Iverson, F. 1976. Inducti on of paroxon dealkylation by hexachlorobenzene (HCB ) and mirex. J. Agr. Food Chern. 24:
1238-41.
, Koji ma, K. and R. D. O' Brien. 1968. Paraoxon hydrolyzing enzymes
in rat liver. J . Agr. Food Chern. 16:574-8.
' Kuhr, R. J. 1970. Metabolism of carbamate insecticide chemicals
in plants and insects. J. Agr. Food Chern. 18:1023-30.
Ku hr, R. J. 1971. Comparative metabolism df carbaryl by resistant
and susceptible strains of cabbage looper. J. Econ. Entomol.
64:1373-8.
Laskowski, M. B. and W. D. Dettbarn. 1975. Presynaptic effects
of neuromuscular cholinesterase inhibitio n. J. Pharmacal .
Exp. Ther. 194:35-61 .
Laskowski , M. B. and W. D. Dettbarn. 1979 . An electrophysiological
anal ysi s of the effects of parao xon at the neuromus cular
j unction. J. Pharmacal. Exp. Ther . 210:269-74 .

78
/ Laskowski, M. B., W. H. Olson and W. D. Dettbarn. 1977. Initial
ultrestructural abnorma li ties of the motor end-plate produced
by a chol inesterase inhibitor. Exp. Neural. 57:13-33 .
.

Lee, R. M. and W. A. Brindley. 1974 . Synergist ratios, EPNdetoxication, lipids, and drug-induced changes in carbaryl
toxicity in Megachile pacifica. Environ. Entomol. 3:399 -407.
Lewis, J. B. and R. M. Sawicki. 1971. Characterization of the
resistance mechanisms to diazinon, parathion and diazoxon
in th e organophosphorus-resistant SKA strain of houseflies
(Mus ca domestica L.). Pestic. Biochem. Physiol. 1:275-85.

/ Main , A. R. 1956. The role of A-es terase in the acute toxicity
of paraoxon, TEPP, and parathion. Can. J. Biochem. Physiol.
34:197 -2 01.
Matsumura , F. 1975 . Toxicology of Insecticides .
New York and London, 503 pp.

Plenum Press,

Matthews, W. A. 1980. The met abo 1ism of rna 1at hi on in vivo by
two strains of Rhyzopertha dominica (F.), the lesser grain
borer. Pestic. Biochem. Physiol. 13:303-12.
McDonald, S. and A. M. Happer. 1978. Laboratory evaluation of
insecticides for control of Acrythosiphon pisum (Hemiphera:
Aphidida e ) in alfalfa. Can. Entomol. 110:213-16.
, Motoyama, N. M. and W. C. Dauterman. 1974. The role of nooxidative
metabolism in organophosphorus resista nce. J. Agr. Food
Chern. 22:350 -6.
, Motoyama, N. M., G. C. Rock and W. C. Da uterm an. 1971. Studies
on the mecha nism of azinphosmethyl resistance in the
predaceous mite, Neoseiulus (T. ) fallacis ( Family: Phytosei idae) .
Pest i c. Biochem. Physiol. 1:205-15.
Motoyama, N. W. and W. C. Dauterman and F. W. Plapp, Jr. 1977 .
Genetic studies on glutathione-dependent reactions in resistant
strains of housefly, Musca domestica L. Pestic. Biochem.
Physiol. 7:443-50.
Nakats ugawa, T. and M. A. More 11 i . 197 6. Mi c rosoma 1 oxidation and
i nsecticide metabolism. Pages 61-144 in C. F. Wilkinson, ed .
lnsecti cide biochemistry and physiology.- Plenum Press, New
York.
, Needham, P. H. and R. M. Sawicki. 1971. Diagnosis of resistance
to organophosphorus insecticides i n My zus persica e. Nature
( London). 230:125-6.

79
, Needham, P. H. and A. L. Devo nshi re . 1975. Resistance to some
organophosphorus insecticides in field populations of Myzus
persicae from sugar beet in 1974. Pestic. Sci. 6:547-51.
' Nola n, J. and R. D. O'Brien . 1970. Biochemistry of resistance to
paraoxon in strains of ho useflies. J. Agr. Food Chern. 18:
802-8 .
Oppe noorth, F. J. 1965. Biochemical genetics of insecticide
resistance. Ann. Rev. Entomol. 10:185 - 206.
• Oppenoorth, F. J . 1971. Resistance in insects: the ro le of
metabolism and the possible use of synergists . Bull. Wld.
Hlth. Org. 44:195-202.
, Oppenoorth, F. J. and K van Asperen. 1960. Allelic genes in the
housefly producing modified enzymes that cause organophosphate resistance. Science 132:298- 9 .
• Oppenoorth, F. J. and S. Voerman. 1975. Hydrolysis of par aoxon
and malaoxon in three strains of Myzus persicae with different
degrees of parathion resistance. Pestic. Biochem. Physiol.
5:431-43.
Oppenoo rth, F. J . and w. Welling . 1976. Biochemistry and physiology
of resistance. Pages 507-51 in C. F. Wilkinson, ed. Insecticide Biochemistry and Physiology. Plenum Press, New York.
, Oppenoorth, F. J. , V. Rupes, S. El - Bashir, N. W. H. Ho ux and S.
Voerman. 1972 . Glutathione-dependent degradation of parath i on
and its significance for resistance in the housefly. Pestic.
Bi oc hem. Physiol. 2:262 - 9.
Op penoorth, F. J . , H. R. Sm i ssaert, W. Welling, L. J. T. vanderPass
and K. T. Hitma n. 1977. Insensitive acetylchol inester ase ,
high gl utathione- S-trans ferase, and hydro l ytic activity as
resista nce factors in a tetrachlorovinphos - resistant strain
of housefly. Pestic. Biochem. Physiol. 7:34-47.
, Osman, D. H. and W. A. Brindley . 1981. Estimating monooxygenase
detoxication in field populations: toxicity and distribution
of carbaryl in three species of Labops grass bugs. Envi ron.
Entomol. 1D:676-80.
, Pasteur, N. and G. Sinegre. 1975. Esterases polymorphosim and
sensitivity to dursban organophosphorus insecticide in Culex
~~ p opulations.
Biochem. Genetics. 13:739-803.
- Pimpri kar, G. D. and G. P. Georghio u. 1979. Me chanism of r esistance
to diflubenzuron in t he ho usefly, Musca domestica ( L. ) Pestic.
Biochem. Phys i o l. 12: 10- 22.

80
Plapp, F. W., Jr. 1976. Biochemical genetics of insecticide
resistance. Ann. Rev. Entomol. 21:179- 97.
Plapp, F. W., Jr. and H. H. C. Tong . 1966. Synergism of malathion
and parathion against resistant insects: phosphorus esters
wi th synergistic properties. J . Econ. Entomol. 59:11-15.
Plapp, F. W., Jr. and T. M. Va lega . 1967. Synergism of carbamate
and organophosphate insecticides by nonins ecticidal
carbamates . J. Econ. Entomol. 60:1094 -6 .
Plapp, F. W., Jr. and R. K. Tripathi . 1978. Biochemical genetics
of altered acycholinesterase resistance to insecticides in
the housefly. Biochem. Gent . 16:1-11.
, Price, G. M. and T. Bosman. 1966 . The electrophoretic separation
of protei ns isolated from the larvae of the blowfl y, Calliphora
erythrocephal a. J. Insect. Physiol . 12:741-5.
Ramakrishna, N. and B. V. Ramachandran. 1978. Mode of action of
toxogomin in the protection of mice against certain organophosphorus insecticides. India n J . Biochem. Biophys. T5:336 7.
/ Ranasingle, L. E. and G. P. Georghiou. 1979. Comparative modification of insecticide-resistance spectrum of Culex~
fatigans wild by selection with temphos and temphos/synerg i st
combination . Pestic. Sci. 10:502-8.
Raymond, S. 1964. Acrylam i de gel electrophoresis.
Acad. Sci. 12:731-74.

Ann. N. Y.

, Ruzo, L. L. , L. C. Gaughan and J. E. Cas ida. 1981. Metabo 1ism
and degradat i on of pyrethroids tralomethrin and tra l ocythrin
in insects. Pestic. Biochem. Physiol. 15:137-42.
, Sawicki, R. M., A. L. Devonshire, A. D. Rice , G. D. Moores, S. M.
Petzing and A. Cameron. 1978. The detection and distribution
of organophosphorus and carbamate insecticide resistant
~ persicae (Sulz.) in Britain in 1976.
Pestic. Sci. 9:
189-?0 .

Sims , M.
1965. Methods for detection of enzymatic activity after
electrophoresis on polyacrylamide gel in drosophila species.
Nature (Londo n). 207:757 -8.
Smith, J . . N. 1962.
7:456- 80.

Detoxication mechanisms.

Annu . Rev. Entomol.

81
/ Sparks, C. T. 1981. Development of insecticide res i stance in
Heliothis zea and Heliothis virescens in North America.
Bull . Entomol. Soc. Am. 27:186 -92 .
Srivastava, P. N. , J. L. Auclair and U. Srivastava . 1980. Nucleic
acid, nucleotide and protein concentrations in the pea
aphid, Acrythosiphon pisum, during larval growth and development . Insect Biochem. 10:209 -1 3.
Stegwee, D. 1959. Esterase inhibition and organophosphate
poisoning in the housefl y. Nature (London) 184:253- 4.
Sudderuddin, K. I. 1973. An electrophoretic study of some hydrolases from an OP-susceptible and an OP-resistant strain of
the green peach-potato aphid, Myzus persicae (Sulz. ) .
Comp . Biochem. Physiol. 44 :923-9 .
• Sun, Y. P. and E. R. Johnson . 1960 . Synergistic and antagonistic
actions of insec t icide-synergist combinatio n and their mode
of action . J . Agr. Food Chem. 8:261 -6 .
• Townsend, M. G. and J. R. Busvine. 1969. The mechanism of
malath ion-resi stance in the blowfly Chrysomya putoria.
Exp. Appl. 12:243-67.

Entomol.

Turunen, S. and G. M. Chippendale. 1977. Ventricular esterases:
comparison of their distribution within the larval midout of
four species of Lepidoptera. Ann. Entomol. Soc. Am. 70:
146 -9.
vanAsperen, K. 1964. Biochemistry and genetics of esterases in
houseflies (Musca domestica ) with special reference to the
development of resistance to organophosphorus compounds.
Entomologica Exp. Appl. 7:205-14.
Wang, T. C. and F. P. Plapp . 1980. Genetic studies on location of
a chromosome II gene conferring resistance to parathion in
the housefly. J. Econ. Entomol. 73:200 - 3.
Wecker, L. and W. D. Dettbarn. 1976. Paraoxon-induced myopathy:
muscle specificity and acetylcholine involvement. Exp. Neurol.
51:281-91.
/ Welling, W., P. Blaakmeer, G. J. Vink and S. Voerman. 1971.
In vitro hyd rolysis of paraoxon by parathion resistant house flies. Pestic. Biochem . Physiol . l :61 - 70 .
Wolfenbarger, D. A. 1981 . Status of resistance to methylparathion
and permethrin in Heliothis 2.E.P.· Bull. Entomol. Soc. Am.
27:180.

82
Wo ngk obrat, A. and D. L. Dahlman. 1976. Larval Manduca sexta hemol ymph carboxylesterase activity during chronic exposure to
in s ecticide- containing diets. J . Econ. Entomol. 69:237 - 40.
Ya ng, R. S. H. 1976. Enzymatic conj ugation and insecticide
metabolism. Pages 187 - 96 in C. F. Wilkinson , ed. Insecticide
bi ochemistry and physiology:- PlenlAll Press , New York.

83

VITA
Deifalla H. Al-Rajhi
Candidate for the Degree of
Doctor of Philosophy
Dissertation: Estimating Esterase and Monooxygenase Detoxication by
Bioassay, Electrophoresis and Metabolic Studies in Pea Aphid,
Acrythosiphon pisum (Harris) Populations (Homoptera: Aphididae)
Major Field:

Toxicology

Biographical Information:
Persona l Data: Born in Saudi Arabia, October 10, 1950;
married Haya, July 14,1975; two children--Khalid and
Lilla.
Education: Graduated from Al-Shatti High School in 1970;
received Bachelor Degree in Agricultural Sciences from
University of Riyadh in 1975; received Master of Science
degree in Toxicology from Utah State University in 1979;
comp leted requirements for the Doctor of Philos ophy in
To xicology at Utah State University, Logan, Ut ah in 1982.
Personal Experience: Teaching assistant in the Department of
Plant Protection at the University of Riyadh, 1975-76;
two published papers.

